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INTRODUCTION

Over the past few years, considerable progress has been accomplished in the elucidation
and characterization of genes whose mutation predisposes individuals to risk of developing familial
breast cancer. These genes include the recently cloned BRCA1, BRCA2, PTEN and TP53 in the
case of Li-Fraumeni syndrome. However, while these genes have been shown to be frequently
affected in inheritable forms of breast cancer, there is yet no conclusive evidence to suggest that
these genes are also responsible for sporadic breast cancer which accounts for approximately 90-
95% of the total breast cancer incidence (reviewed in 1).

Activation of oncogenes (e.g. c-myc, Cyclin DI, ERBB2) , alterations in growth factor
pathways (e.g. TGF alpha, EGF, IGF and their receptors), inactivation of tumor suppressor genes
(e.g. p53, Rb) and chromosomal instability are all commonly found in breast cancers. Although
abundant information is available on the mentioned genomic abnormalities in sporadic breast cancer,
to date no clear model of the critical events or delineation of primary abnormalities has emerged.
Additionally, it is unclear which, if any, of those somatic mutations are causative of breast
tumorigenesis. More likely the vast majority of genomic abnormalities described are consequence
of tumor progression.

Ductal carcinoma in situ (DCIS) of the breast is known as a preinvasive stage of breast
cancer and is probably the precursor of infiltrating breast cancer (2). Genetic alterations shown at
this stage might indicate association with early events in malignancy or invasiveness. Loss of
heterozigosity (LOH) at specific chromosomal loci has been considered as part of the indirect
evidence for postulating the existence of possible tumor suppressor genes within those specific
chromosome regions. It is known that several mechanisms can lead to the loss of alleles in tumors
such as chromosomal deletions, monosomies, mitotic recombination, and unbalanced translocation.
Hypothetically, the remaining allele of the tumor suppressor gene in question could be rendered
inactive due to events at the gene level such as specific point mutations or other types of inactivating
mutations. Usually, LOH at specific chromosome regions affects not only the putative tumor
suppressor gene but also neighboring genes or genetic markers that are used as indicators to track
down the minimum area of LOH.

Our original hypothesis was that a high level of chromosomal instability already exists at
preinvasive stages of breast cancer development. To this end the studies described in the original
application focused on early stages of breast cancer development in order to identify the earliest
detectable allelic abnormalities correlating with the histological grading and subtype of the lesions.
The ultimate goal was to better understand the breast carcinogenesis process and to eventually
identify tools of potential diagnostic or prognostic significance.

BODY
Methodology development, DCIS and replication error phenotype studies

The best obvious source of material for the identification of the various stages of breast
cancer progression is available from paraffin-embedded tissues used in routine diagnostic procedures.
A first phase of this project consisted in the optimization of a comprehensive technical approach for
allowing a multiparametric analysis of human breast cancer lesions from paraffin-embedded tissue
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sections. Thus, numerous chromosomal loci can be analyzed from single tissue sections by means
of microsatellite length polymorphism analysis. DNA samples from normal and breast cancerous
tissue can be obtained from the same section by means of microdissection. This allows to correlate
the allelotype of specific lesions with other markers of prognostic and diagnostic significance. The
development of such technical approach was reported in a first publication (3), see attached).

As indicated in the introduction is spite of the abundance of data the relevance, role and
timing of most of the genetic abnormalities observed in sporadic breast cancer are still unclear.
While there is overwhelming evidence that losses of genetic material occur, inherent difficulties
exist in determining the relevance of such losses to breast tumorigenesis. In most cases, the tumors
analyzed were of the invasive type and/or advanced stages of progression, leading to the question
whether these losses are causative factors of tumorigenesis or consequences of the general genomic
instability inherent to tumors. Further, it is possible that certain losses may be selected for in the
progression or clonal evolution of a tumor to a more advanced type but not necessary for the genesis
of the tumor. We hypothesized that some of these questions could be addressed in part through
comparative allelotyping of both noninvasive and invasive tumors.

To address the relative timing and frequency of allelic losses of commonly affected regions
in breast cancer, microsatellite length polymorphism analysis was performed in a series of preinvasive
ductal carcinomas (DCIS) and invasive ductal and lobular carcinomas (4, see attached). Twenty
different chromosomal loci were examined in each group. As expected, frequencies of regional
losses in invasive ductal carcinomas were similar to those reported by other author (reviewed in 1).
However, allelotyping of DCIS samples revealed that chromosomal regions 3p, 3q, 6p, 11p, 16p,
18p, 18q, and 22q were not affected by a high frequency of loss, while analyses of these same
regions of invasive tumors showed them to be affected in 10-40% of cases (4). Our findings are in
agreement with those of Radford et. al. who examined 61 DCIS samples (5). Because allelic losses
affecting these regions were not frequently observed at the noninvasive (DCIS) stage it can be
concluded that alterations of these regions are late events in breast cancer progression. More
importantly, allelic imbalances observed on chromosome arms 7p, 7q, 16q, 17p, and 17q (4), appear
to be early abnormalities because they were observed frequently in DCIS samples.

Lobular carcinomas constitute approximately 10-15% of all breast cancers (2). Histologically,
lobular carcinomas have a very distinctive infiltrative growth pattern and metastatic pattern (2). In
addition, patients with invasive lobular carcinoma have been reported to have a higher risk of
developing multifocal and contralateral breast cancer than those patients with invasive ductal
carcinoma (6). To determine whether ductal and lobular carcinomas are subject to the same pattern
of allelic loss, comparative allelotyping of the two subtypes was also conducted in our laboratory.
Losses of chromosome arms 1p, 3q, 11q, and 18q were more prevalent for invasive ductal carcinoma
than for invasive lobular carcinoma (4). However, 8p losses or imbalances were observed in 36%
of invasive lobular tumors but only 14% of invasive ductal carcinomas. Interestingly, microsatellite
instability was observed in almost 40% of lobular carcinomas, but only 13% of ductal carcinomas
(4). This phenomenon of microsatellite instability, also known as RER+ phenotype, is identified
by allele size differences between tumor and matching normal controls. First described as a
characteristic of tumors from patients carrying an autosomal dominant predisposition to tumors of
the colon and endometrium, microsatellite instability has been linked to defects in a group of human
mismatch repair genes: hMSH2, hMLH1, hPMS1, and hPMS2 (7-9). Resultant errors in DNA
repair are believed to be the cause of the observed genomic instability phenomenon. These data
suggest that invasive lobular carcinomas may arise by a mechanism of carcinogenesis different
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from that of ductal breast carcinomas and appear to constitute a distinct pathologic entity.

We attempted to extend those earlier observations (4) by analyzing a set of RER+ breast
cancer samples for mutations in the DNA mismatch repair gene hMSH2, which as earlier indicated
is the most commonly mutated gene in HNPCC kindred.

To this end paraffin embedded tissue sections were obtained from a set of nine breast cancer
samples positive for microsatellite instability at multiple loci (more than 5 independent loci).
Matching normal control tissues were also obtained from each patient.

Oligonucleotide primers (flanking and nested) for analysis of the 16 HMSH?2 exons were
synthesized according to the method described by Kolodner et al. (10).

PCR conditions and cycle sequencing were performed according to the same authors (10).

The sequence analysis of the 16 exons of the hMSH?2 gene did not show evidence for germinal
or somatic mutations. The hMSH2 sequence obtained in all nine RER+ breast cancer cases was
normal. (Bednarek A. and Aldaz C. M., unpublished observations).

From this study we concluded that the phenomenon of microsatellite instability observed in
arelative small percentage of the sporadic breast cancer cases studied appears to be independent of
mutations in the prototypic and most frequently mutated DNA mismatch repair gene hMSH2. Our
results are comparable to studies in RER+ sporadic colon cancer cases. Although other DNA
mismatch repair genes have not been analyzed these data suggests microsatellite instability in sporadic
breast cancer may be the result of a different mechanism and genes to that described in the HNPCC
syndrome.

Chromosome 16 studies

As we earlier mentioned we observed that allelic imbalances and losses affecting chromosome
arms 7p, 16q, 17p and 17q appear to be early abnormalities since they were observed in a significant
number of DCIS lesions (4).

Due to the paucity of information and the high incidence of allelic losses affecting the long
arm of chromosome 16 we decided that it was very important to redirect our efforts and focus in a
more in-dept study on the identification of the putative genetic targets for the observed abnormalities.
Loss of heterozygosity on chromosome 16q has already been previously reported in breast and
prostate cancer with high frequency, indicating the existence of a putative tumor suppressor gene(s)
locates in this chromosome arm. We observed that the most commonly affected area spanned the
region from marker D16S515 to marker D16S504. Within this region the most affected locus was at
D165518, in which LOH was observed in 20 of 26 informative cases (77%). We have estimated
that the area of interest lies in subregion q23.3-q24.1. The region of highest LOH spanned
approximately 2 Mb, as determined by a yeast artificial chromosome contig covering this region,
reported in Chen et al. (11, see attached). Such a high frequency of LOH at a preinvasive stage of
breast cancer suggests that a candidate tumor suppressor gene or genes at this location may play an
important role in breast carcinogenesis.

To extend these studies we performed a chromosome 16 high resolution allelotype of a panel
of human breast cancer lines in order to identify areas of hemizygosity and homozygous loss (Figure
1). As a natural and important extension of these studies we have built a contig of yeast artificial
chromosome (YAC) and bacterial artificial chromosome (BAC) clones spanning the chromosome
16q region in which frequent allelic losses were detected.

In agreement with our previous findings, most breast cancer lines showed evidence of
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hemizygosity affecting all or almost all the chromosome 16q arm. One breast cancer line showed a
homozygous loss affecting markers from this area, indicating that a likely target gene for inactivation
may reside within this region.

To extend mapping of this deleted area we built a series of new STS markers according to
DNA sequences obtained from ends of BAC clones. Using a high density STS map we determined
that the specific deletion is approximately 300 kb in size (Figure 2).

In studies in progress we have isolated numerous cDNA clones from a human breast epithelial
library that match to this region.

In summary, we have constructed a comprehensive physical map of the region of interest,
and we developed the critical resources for the positional cloning of the putative breast cancer
Suppressor gene.

Results

The ultimate goal of the ongoing studies 1is the identification and isolation of genes from
chromosome 16 that can play a relevant role early in breast carcinogenesis.
We first defined a relatively small region of homozygous loss (Figure 2) located in area between
markers D16S515 and D165504., that may contain this gene.
We proposed to use standard positional cloning strategies to identify and clone this putative
breast cancer suppressor gene.
We characterized a panel of 23 breast cancer cell lines using STS markers as reported in
Chen et al. (11). We utilized highly polymorphic markers with high heterozygosity scores (~ 0.70
or more). Given the high polymorphism of the loci investigated, the presence of large areas with
lack of heterozygosity in various markers, very likely represent hemizygosity as a consequence of
allelic loss. As can be observed in Figure 1, numerous breast cancer lines showed evidence of
hemizygosity affecting all or almost all of the chromosome 16q arm. These results were reported
(AACR Bednarek and Aldaz). These results are in strong agreement with our previous findings in
preinvasive and invasive breast cancer (4, 11). In order to isolate the putative breast cancer suppressor
gene residing in the area of interest we built a contig of YAC and BAC clones spanning the target
region. Interestingly, we have identified one breast cancer line which showed homozygous losses
affecting markers in this region (Figure 2). This indicates that the target gene is very likely contained
within this region. Using new STS markers generated from BAC insert ends DNA sequences, we
estimated that the homozygously deleted region is approximately 300 kb in length.
In order to better characterize the region of interest, we performed shotgun sequencing of
BACs DNA spanning this region. To this end random subclones for sequencing were prepared by
DNAsel digestion of the DNA from BACs; 112B17, 249B4, 286F3 and 36022 (Research Genetics,
Inc. CITB-HSP-C library) and fragments of the length approximately 1kbp were cloned into pZERO1
vector (Invitrogen).
We have sequenced so far a total of 382,765 base pairs and the largest contig length is of
96,371 bp, submitted to GeneBank nr division (NCBI, http://www.ncbi.nlm.nih.gov) and published
under accession number AF179633 (see attached)
In order to isolate cDNAs encoded in this region we are also utilizing a solution hybrid capture
method. We have isolated and characterized numerous clones from a human breast cDNA library
mapping to two of the BAC clones (249B4 and 286F3) spanning the area of interest. Once the
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clones were obtained after sequencing we confirmed mapping by PCR and by hybridization to the
BACs DNA. We have isolated 35 cDNAs , 18 new and 17 identified to have high homology to
previously known ESTs (est division of GeneBank at NCBI).

Additionally, we are also analyzing, using the BLAST algorithm, the genomic DNA sequenced
(382,765 bp) from the area spanning the of homozygous deletion. We have identified additional 32
EST clusters. Using the GRAIL-1.3 algorithm (ORNL, http://compbio.ornl.gov), we also performed
analysis on the longest contig 96,371 bp to search for putative protein coding regions, CpG islands,
RNA polymerase II promoter sites and polyadenylation signal sites. We predicted 32 exons with
excellent score and we have been successful to clone cDNAs for six of them.

In summary we analyzed a total of 72 different putative mRNAs mapped to BACs 112B17,
249B4, 286F3 and 36022. Most of the analyzed cDNAs showed no good open reading frames,
ORF and no exon-intron structure when aligned to genomic DNA.

Nevertheless, we identified one cDNA which had exon intron structure. This was determined
from partial sequencing of a cDNA clone isolated by the hybrid capture hybridization method and
additionally from BLAST identification of one EST (AI219858) which was found to form two
putative exons on the genomic DNA sequence (BAC112B17).

Using primers derived from this partial sequence we isolated the whole length cDNA from a
human placenta library (RapidScreen cDNA library, OriGene). Additionally, we used 3°, 5 RACE
on Marathon Ready cDNA library from human mammary gland (Clontech). Both strategies identified
the same sequence of this putative gene. The longest clone isolated had a length of 2250bp plus
polyA with a 1242bp long open reading frame. Upon further analysis of the existing databases we
identified a previously reported partial cDNA sequence of this same gene, 1475 bp long spanning
part of the 3’ end, this gene has been tentatively defined as a putative oxidoreductase (HHCMAS6).
Further analysis of EST division of GeneBank returned 30 ESTs with homology to our cDNA
clone.

We determined that the identified ORF encodes for a protein 414 aminoacids in length. We
used Pfam analysis (http://pfam.wustl.edu/hmmsearch.shtml) to search for homology with known
protein domains. We observed high homology to two domains; WW domain and short chain
dehydrogenase domain. Thus we called this novel protein WWOXID (Figure 3).

The two WW domains are localized on the amino end of WWOXID and the short chain
dehydrogenase motif in the central portion of the protein sequence (Figure 3).

Expression and mutation analysis

In order to study expression of this novel gene we performed Northern and RT-PCR analyses
on normal human epithelial cells and a panel of breast cancer lines and breast tumors. We used as a
probe 1554 bp long EcoRI restriction fragment of clone ORI2 covering 5’UTR and ammoniated
coding region and polyA RNA as a target. The length of mRNA according to hybridization was
calculated as about 2.2 kbp and correspond with length of the longest cDNA clone. Based on RT-
PCR and genomic sequence analyses of the area of interest we also concluded that alternative
transcripts may also exist.
As shown in Figure 4, we detected a major transcript of approximately 2.2kbp, only visible (i.e.
overexpressed) in some of the breast cancer lines.

We observed much higher expression, compared to normal RNA, of WWOXID in four
cancer cell lines, namely; MCF-7, ZR75-1, SKBR3, and UACC812. Hybridization to another breast
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cancer cell lines, T47D, MDA-MB453, was slightly higher than to control RNA and to MDA-
MB157, MDA-MB435 was on the same level as hybridization to control RNA.

To search for mutations and to map WWOXID on the genomic DNA context we performed
identification of exon-intron junctions Figure 5. So far we identified five exons from the 5’ end of
gene plus we defined the 3° UTR. The physical map of the central region of WWOXID cDNA is
currently being further characterized (Figure 5).

We also used a panel of 28 human breast cancer cell lines to search for mutation at the DNA
sequence level of WWOXID. So far we have found no evidence of mutations in the first five exons
and splicing sites studied from all the cell lines.

The in progress physical mapping of exons and 3’UTR on the genomic sequence show that
WWOXID gene spans very likely more than 500 kbp.

Putative function of WWOXID

It is quite difficult to predict the putative role of this protein in the cell but appears to have
several interesting features which make it an attractive target for potential abnormalities. The WW
domains are known to bind to proline-rich sequences and are usually responsible for protein-protein
interactions (12). WW domains were observed in structural, cytoskeletal proteins as well as in
enzymes. Some proteins containing WW domain are well characterized. One of them, dystrophin,
is found to be responsible, when mutated, for Duchenne muscular dystrophy. Mouse NEDD-4,
contains 3 WW motifs, and its role is of a ubiquitin ligase which plays a central role in embryonic
development and differentiation of the central nervous system. Another example is the PIN1 protein
which is a prolylisomerase involved in cell cycle regulation.

The short chain dehydrogenase domain is a common and very conserved domain found in
different oxidoreductase proteins from plants, animals as well as from bacteria. Examples of
oxidoreductases include retinol and steroid dehydrogenases which are enzymes participating in the
metabolic processing of hormones important for cell function, cell cycle and differentiation.

On Going Studies
Chromosome 16 studies

We will continue the characterization of the area of interest of chromosome 16. This will
include further studies on the potential role of WWOXID in breast cancer as well as the cloning and
characterization of additional target genes of interest that might be identified within this chromosome
16 region.

DCIS studies biomarkers of progression

In collaboration with various investigators from the M.D.Anderson Cancer Center we are
pursuing a multiparameter characterization of DCIS. Among the molecular/genetic biomarkers
associated with progression of DCIS to invasive breast cancer, we are analyzing the incidence of
allelic losses of various of the loci which we determine relevant in our first studies. To this end we
are performing a retrospective case-control study of ductal carcinoma in situ with invasive cancer
compared with DCIS cases-alone (i.e. with no invasive component).

10
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High resolution allelotype of chromosome 16 microsatellite markers in breast cancer cell lines. Markers arranged in mapping and linkage
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A)
118 4759 88 125 330 414 ‘
WW  [WW short chain dehydrogenase :

B)

WW_rsp5_WWP: domain 1 of 2, from 18 to 47: score 40.9, E = 1le-09
*->1psgWeeatdpsGrpiYYvNheTkttaWekP<-*
lp+gWee+t+++G + YY Nh ++tgWe+P
query 18 LPPGWEERTTKDGWV-YYANHTEEKTQWEHP 47

WW_rsp5_WWP: domain 2 of 2, from 59 to 88: score 38.6, E = 4.4e-09
*->1lpsgWeeatdpsGrpiYYvNheTkttgWekP<-*
lp gWe+ td++G++ ++v+h++k t++ +P
query 59 LPYGWEQETDENGQV-FFVDHINKRTTYLDP 88

adh_short: domain 1 of 1, from 125 to 330: score 89.6, E = 1.8e-24
*->KvaLvTGassGIGlaiakrLakeGakvvvadrneeklekGavakelk
Kv++vTGa sGIG+++Ak +a Ga+V++a+rn +++  +++++++
guery 125 KVVVVTGANSGIGFETAKSFALHGAHVILACRNMARA--SEAVSRIL 169

elGgndkdralaiglDvtdeesv.aaveqgaverlGrlDvLVNNAGgiill
e+ k +++a++1D++ sv+ ++e+ +++ +1+VLV+NA
query 170 EEWH~-KAKVEAMTLDLALLRSVQHFAEAFKAKNVPLHVLVCNAA----- 212

rpgpfaelsrtmeedwdrvidvNltgvilltravlplmamkkrggGrIvN
++ +1+ ++ 4+ +++VN +g £+1++++ + + ++ r+++
query 213 TFALPWSLT---KDGLETTFQVNHLGHFYLVQLLQD--VLCRSAPARVIV 257

igSvaGrke.......co v g.glvgvpggsa¥YsASKaAvigltrsL
+SS + r + +++ ++ + ++ + ++ ++++ a¥+ SK i ++ L
query 258 VSSESHRFTdindslgkldfsrlSpTKNDYWAMLAYNRSKLCNILFSNEL 307

AlElaphgIrVnavaP.GgvdTd<-*
+ 1 p+g++ nav+P+ +++ +
guery 308 HRRLSPRGVTSNAVHPgNMMYSN 330

Figure 3 A) Positions of two WW domains and short chain dehydrogenase domain in WWOXID
protein. B) Homology of selected aminoacid sequence from WWOXID(query line) to consensus sequences
of WW domain and short chain dehydrogenase domain (top line). Capital letters in consensus line
represents conserved aminoacids.
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Figure 4 Northern hybridization showing expression of WWOXID

in immortalized normal human mammary gland epithelial cells, HME-87

and in various breast cancer cell lines. Target used was poly A RNA; as probe
we used a fragment covering 5° UTR and aminoacid coding region.
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Figure 5 High resolution physical map of chromosome 16¢23.3-24.1 region of WWOXID gene. Length of specific BACs and position
BAC293D3 are unknown. Total length of chromosome fragment between markers D16S518 and D16S516 is approximately 2Mbp.
Contig of BACs 112B7, 249B4, 286F3 and 36022 according to obtained partial sequence is approximately 400kbp long.
El, E2, E3, E4, E5 and 3'UTR represent positions of known exons and 3’ untranslated region of WWOXID in BAC clones.
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KEY RESEARCH ACCOMPLISHMENTS

1. Development of methodology for the analysis of allelic losses in parallel with multiple biomarkers
of interest from paraffin embedded microdissected breast premalignant lesions.

2. Identification of the earliest and most common allelic losses observed at preinvasive stages of
breast cancer development. (A typical hyperplasias and Ductal Carcinomas in situ).

3. Defining and comparing the allelotypic profile of invasive ductal carcinoma and invasive lobular
carcinomas.

4. Determining the occurrence of microsatellite instability in a low percentage of breast carcinomas
mostly of lobular type.

5. Determining that the occasionally observed microsatellite instability is not due to mutations in
the hMSH?2 mismatch repair gene.

6. Performing a high resolution allelotype of chromosome 16 in DCIS lesions and atypical
hyperplasias.

7. Identifying and mapping a relatively small specific target area of chromosome 16 commonly lost
in breast cancer lines and DCIS lesions.

8. Constructing a YAC and BAC contig spanning the region of interest for positional cloning studies.
9. Sequencing more than 380,000 base pairs of the chromosome 16 area of interest.

10. Cloning of putative target genes from the area of interest such as WWOXID.

REPORTABLE OUTCOMES
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CONCLUSIONS

We were able to demonstrate that chromosomal instability and allelic losses occur early
in breast carcinogenesis. We observed the occurrence of such anomalies in Atypical Ductal
Hyperplasias and Ductal Carcinoma in situ lesions. We defined which anomalies appear to be the
earliest and which appear to be the consequence of tumor progression.

Among the abnormalities observed we determined that allelic imbalances and losses affecting
the chromosome 16q arm constitute early abnormalities in breast carcinogenesis since we observed
them in a significant number of preinvasive lesions. We further defined that the most common
region of overlapping allelic losses spans the region 16q23.3 - q24.1, observed affected in 60 - 70%
of in situ breast lesions. Positional cloning strategies are currently being employed to clone the
target genes for such anomalies. We have defined approximately 300 kb of a homozygous deletion
within the region q23.3 - q24.1 of chromosome 16 in a breast cancer cell line. We have mapped to
this region a large number of previously reported ESTs. Several new cDNA clones were isolated
and mapped. We sequence d almost 400,000 DNA base pairs from the region of interest and
identified numerous putative exons. We identified and are currently characterizing a gene
(WWOXID) that maps to this region. The characterization of this gene as well as other potential
targets and determining their role in breast carcinogenesis could lead to development of biomarker
tools of diagnostic-prognostic significance.
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Abstract

To better understand the timing for presentation of allelic losses in
human breast carcinogenesis, we compared the allelotypic profile of 23 in
situ ductal carcinomas with that of 29 invasive ductal carcinomas. We also
compared the allelotype of the invasive ductal breast carcinomas with that
of 23 invasive lobular breast carcinomas. These studies were performed by
means of microsatellite length polymorphisms from microdissected par-
affin sections. We observed that involvement of chromosome arms 1p, 3p,
3q, 6p, 16p, 18p, 18q, 22q, and possibly 6q and 11p appear to be late events
in breast cancer progression because allelic losses or imbalances affecting
these areas were observed with very low frequency at the in situ stage. On
the other hand, allelic imbalances and losses affecting chromosome arms
7p, 16q, 17p, and 17q appear to be early abnormalities because they were
observed in approximately 25-30% of ductal carcinoma in situ lesions.
Allelic losses and imbalances affecting the 8p arm were frequently ob-
served in invasive lobular breast carcinomas. It was also interesting that
microsatellite instability, also known as replication error (RER) pheno-
type, was found to occur at a high frequency in invasive lobular breast
carcinomas because 9 of 23 (39%) were RER+, compared with 7 of 52
(13.5%) RER+ of breast cancers with ductal differentiation (P = 0.012,
x> test). Our findings provide for the first time molecular evidence sug-
gesting that invasive lobular breast carcinomas may arise by a different
mechanism of carcinogenesis than ductal carcinomas.

Introduction

Numerous studies have focused on the role of chromosome abnor-
malities and gene mutations in sporadic breast cancer, but to date no
clear model of the critical events or delineation of primary abnormal-
ities has emerged. Various chromosomes or chromosome subregions
have been observed to be affected by a high frequency of structural or
numerical abnormalities (1). At the molecular level, several somatic
mutations have also been described (reviewed in Ref. 2). Amplifica-
tion or overexpression of several oncogenes, growth factors, and
cyclins has been observed at various frequencies (2). Specific allelic
losses were also reported at various frequencies, at various chromo-
some regions, including 1p34-35, 1q23-32, 3p21-25, 6q, 7q31,
11p15, 11q22-23, 13q14, 16q, 17p13, 17q, 18q23—ter and 22q (3-12).
Several of these areas appear to be the sites of putative tumor sup-
pressor genes. The tumor suppressor gene p53 is known to be mutated
in a high percentage of breast cancers (13). Despite this abundance of
data, the relevance, role, and timing of most of the described genetic
abnormalities in sporadic breast cancer are still unclear. It is also not
known whether specific mutations play relevant roles as causative
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factors or are the consequence of the general genomic instability and
progression in breast tumors.

Most of the cytogenetic and molecular information on breast cancer
has been obtained by analysis of advanced invasive carcinomas and
metastases. In addition, very few studies have discriminated between
the different histological types of breast cancer. We therefore focused
this study on relatively early stages of breast cancer progression by
analyzing preinvasive lesions (DCIS®), as well as comparing the
allelotype of the two major histological subtypes of invasive carcino-
mas (i.e., ductal and lobular).

These studies were performed by means of microsatellite length
polymorphism analysis of paraffin-embedded tissue sections with
simple sequence repeat markers for the chromosome subregions most
commonly affected in breast cancer.

Materials and Methods

Paraffin blocks of breast tumors were randomly chosen from the archives of
the Department of Pathology of The University of Texas M. D. Anderson
Cancer Center. Five- to 8-um-thick sections were cut from the blocks. The
basic technical approach has been described previously (14). Briefly, normal
and tumor samples were obtained from different areas of the same section by
means of microdissection. After deparaffinization (three washes with xylene
for 30 min each), the samples were rehydrated in decreasing concentration of
alcohol. DNA was extracted by incubating each sample in 200 pl of Instagene
chelex matrix solution (Bio-Rad, Hercules, CA) containing 60 pg of proteinase
K in a shaking incubator at 37°C overnight. Then, the samples were boiled for
10 min, vortexed, and centrifuged at about 7000 X g for 5 min. Centrifugation
produced 150 wl of supernatant, of which 2-10 ul was used for PCR ampli-
fication, depending on the number of cells in the sample. Before PCR, the
forward primer was end labeled with T4 polynucleotide kinase (Promega
Biotech, Madison, WI) and 6000 Ci/mmol [y-**P]dATP (DuPont New Eng-
land Nuclear, Boston, MA). PCR was performed in a 20-ul reaction volume
including 150 uM each dNTP, 1 unit of Taq polymerase and 1X Taq buffer
(Promega), MgCI%, 1 pmol of labeled primer, and 2.5 pmol of unlabeled
forward and reverse primers. A “hot-start” procedure was used in which the
template and primers were heated in an initial denaturation step of 5 min at
96°C, and cooled to 80°C when the remaining reaction constituents were
added, followed by 30-35 cycles at 94°C for 40 s, 55°C for 30 s, and a final
elongation step of 72°C for 5 min. The products were electrophoresed on 7%
polyacrylamide sequencing gels at 90 W constant power for 2-3 h. The gels
were dried at 65-70°C for 1-2 h and exposed to X-ray film for 4 h to overnight.
For certain primer sets, the amplification conditions were further optimized by
adjusting the MgCl? concentration in the reaction buffer. The primers used
(Research Genetics, Huntsville, AL) are described in Table 1. :

The sample was considered to have partial loss of heterozygosity, or allelic
imbalance, if the signal intensity of one allele was diminished by approxi-
mately one-half or more of its normal intensity (i.e., in normal tissue) in
relation to the remaining allele. Complete loss of heterozygosity was defined
as a decrease of 90% or more in the signal intensity of one allele relative to the
other.

3 The abbreviations used are: DCIS, ductal carcinoma i situ; RER+, replication error
positive; IDCA, invasive ductal carcinoma; ILCA, invasive lobular carcinoma.
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Table 1 Frequency of allelic losses or imbalances in breast tumors by histology

No. of tumors affected/no. of informative loci (%)

Marker Location DCIS IDCA P valuc? ILCA
D18228 1p36-34 115 (7) 6/19 (32) 0.07 2/16 (12)
DIS213 1931-32 3/20 (15) 7/23 (30) NS 4/18 (22)
D3S1298  3p24.2-22 0/19 (0) 5/23(22) 0.03 an724)
D3S1309  3q21.3-252  0/11{0) 4/16 (25) 0.07 1713 (8)
D6S276  6p22.3-213  0/11(0) 3/10 (30) 0.05 4/10 (40)
D6S255 6q25.2 1/12(8) 5/19 (26) NS 413 (31)
D7S481  Tpter—pl5 412(33) 516031 NS /16 (31)
D75550 7q36-qter 3/15 (20) 314 21) NS 1713 (8)
D8S264  8p2l-pter 115 (7) 2/14 (14) NS 5/14 (36)
D8S256  8qA.I3-—qrer  2/12(17) 1/8(13) NS 0 /9(0)
HBB 11p15.4 0/12 (0) 2/14 (14) NS 3/12 (25)
INT2(FGF3) 11q133 2/17(12) 7/24 (29) NS 2/16 (13)
DI3SISS  13q143-212  2/13(15) 3/10 (30) NS 2 /8(25)
D165407 16p13.13 0/15 (0) 8/20 (400) 0.005 7/16 (44)
DI6S413  16q24.3 5/20 (25) 9/21 (43) NS 6/15 (40)
Di7ssi3 17p13 4/14 (29) 8/14 (57) NS 6/16 (38)
DI7$579  17q12-213  6/21(29) 6/26 (23) NS 9/16 (25)
DI8S59 18pter—p11.22 0714 (0) 3/13(23) 0.06 6/15 (40)
DI8SS1 18¢21.33 1713 (89) 1023 (44) 0,025 2112 (17)
D225283  22q12-13 0/14 (0) 5/14 (36) 0.01 6/17 (35)

“ ¥ test, 1 df, IDCA versus DCIS. NS, not significant.

Results and Discussion

DCIS and IDCA Allelotypes. One goal of this study was to
determine which of the chromosome arcas most commonly affected
by allelic losses or imbalances in breast cancer were involved in the
preinvasive stages of breast carcinogenesis. To that end we focused on
the chromosome subregions reported to be affected in previous studics
(2-12). We selected a panel of representative microsatellitc markers
mapping to those specific areas (Table 1). It is important to note that
allelic losses and in particular allelic imbalances at specific loci do not
necessarily imply the presence of a tumor suppressor gene in that area.
Duplication of specific chromosome arms can also lead to an allelic
imbalance. We view microsatellite length polymorphism analysis as a
tool for measuring the general level of genomic instability at specific
stages of tumor progression and also for identifying the chromosome
arms affected at specific stages of progression. We analyzed with this
approach a total of 75 brcast cancer samples (23 DCISs, 29 IDCAs,
and 23 ILCAs) at 20 diffcrent loci. The results obtained from the
analysis of invasive ductal carcinomas validates the general approach
because we observed similar frequencies of allelic losses to those
reported previously (Refs. 2-12; Table 1; Fig. 1). We compared the
incidence of allelic losses and imbalances in the DCISs and IDCAs to
determine which chromosomal areas arc already altered at the carci-
noma in situ stage and which abnormalities are later events in ductal
breast carcinogenesis. Seventeen of the 23 DCIS lesions (74%) had
loss or imbalance of at least onc locus (i.e., only six of the tumors did
not show any abnormality). The results arc summarized in Fig. 1 and
Table 1. No allelic losses were observed in any DCIS tumor affecting
markers from chromosome arms 3p, 3q, 6p, 11p, 16p, 18p, 22q, and
low frequency (5-15% of informative cases) for markers from arms
1p, 1q, 6q, 8p, 8q, 11q, 13q, and 18q. From Fig. 1 we can conclude
that alterations in chromosome arms 1p, 3p, 3q, 6p, 16p, 18p, 18q,
22q, and possibly 6q and 11p appear to be late events in breast cancer
progression because allelic losses or imbalances affecting these areas
were not frequently observed at the DCIS stage. We can also conclude
that allelic losses or imbalances affccting chromosome arms 16q, 17p,
and 17q appear to be early abnormalities because they were observed
in approximately 25-30% of DCIS. It was interesting that we also
observed a considerable incidence of allelic imbalance affecting
marker D75481, which is on the short arm of chromosome 7, both in
DCIS and invasive breast carcinomas (Fig. 1 and Table 1). This
chromosome area was not reported previously to be frequently deleted

in breast cancer. However, as mentioncd previously, some of the
imbalances observed could be the consequence of overrepresentation
of chromosome 7p. Representative allelic losses and imbalances af-
fecting the 16q marker D/6S413 are shown in Fig. 2A. Loss of allcles
on 16q in invasive breast cancer has been reported by several groups
(12, 15-17). At least two different regions on 16q have been reported
to be involved in allelic loss and to possibly contain tumor suppressor
genes (16, 17). Our findings also agrce with those of previous cyto-
genctic studics that also implicated 16q as a possiblc site for primary
chromosomal rearrangements in breast cancer (18, 19).

To our knowledge, this is the first report of a thorough allclo-
typic analysis of DCIS lesions. Previous reports have focused on
the analysis of allelic losses on specific chromosome arms such as
17p (20) and more recently 11q (21). In agreement with the first of
those reports (20), we observed 17p losses at the DCIS stage (Ref.
14, Fig. 1). On the other hand, we did not find a high incidencc of
losses at the DCIS stage (Fig. 1) affecting the INT2 locus on 11q,
as reported previously (21). This discrepancy probably is due to the
fact that the study of Zhuang et al. (21) was performed on micro-
dissected carcinoma in situ component of invasive tumors, whercas
our study was performed on purc DCIS tumors with no invasive
components.

Because DCIS lesions arc a heterogencous group in which the
architectural pattern, nuclcar grade, and presence of necrosis are
thought to be prognostically important (22), the lesions we studied
were subclassified according to the presence or abscnce of necrosis
and nuclear grade. They were classified by a nuclear grading system
into two groups: high-grade and non-high-grade DCIS. High-grade
applied to poorly diffcrentiated tumors and non-high-grade to mod-
erate-to-well differentiated lesions. We also cstablished an index of
allelic loss or imbalance for each tumor in which the number of allelic
losses or imbalances per tumor was divided by the number of inform-
ative loci per tumor. There was no association between the pres-
ence or absence of necrosis and the allelic loss index. However, a
possible association was observed between allelic imbalance index

100 A
w
2w
3
£ 8o
E] I ocis
o 704
2 [J oca
3 609
<
é 50
=
@ 404
]
s 304
=1
4
w20+
<]
LT

1p tq 3 3q 6p 6q 7p 7q 8 Bq 1p 11q 139 16p 16q 17p 17q 18p 18q 229
CHROMOSOME ARMS

100 B

90 ~{

80

B ca
70
J oca

60

50 4

40

304

20

% OF TUMORS WITH ALLELIC IMBALANCE

ip 1g 3 3q 6p 69 7p 7q 8p Bq 1ip 11q 13q 16p 169 17p 17q 18p 18q 22q
CHROMOSOME ARMS

Fig. 1. A, comparative allelotype of breast DCIS (i = 23) versus IDCAs (1 = 29). B,
comparative allelotype of IDCAs (n = 29) with that of ILCAs (n = 23).

3977



T R e R T TR e

* DCIS ALLELOTYPE AND RER+ PHENOTYPE IN LOBULAR CARCINOMA

A

D16S413
29 58 59 78

Fig. 2. A, representative microsatellite length
polymorphism analysis of marker DI16S413 of
paired normal (N} and breast tumor (T) samples
obtained from microdissected paraffin-embedded
tissue sections. Allelic loss or imbalance was fre-
quently observed affecting this microsatellite
marker. Samples 16, 27, 29, and 78 are from
IDCAs, and samples 58 and 59 are from DCIS
lesions. B, various representative breast cancer
samples with RER+ phenotype (microsatellite in-
stability). Note the abnormalities in allele size (ar-
rows) in samples from the same tumors at different
chromosome loci. Sample 65 is from a DCIS, sam-
ple 39 is from an IDCA and the rest of the samples
are from representative invasive lobular carcino-
mas. Marker DI8S51, the only tetranucleotide re-
peat of the panel used, was frequently affected.

D7S550

D7S481 b1 75579

and nuclear grade; lesions classified as non-high-grade (moderate
and well differentiated lesions) had overall the lowest indices, with
a few exceptions. All six DCIS cases without allelic abnormalities
were classified as non-high nuclear grade. All the high-grade
DCISs (poorly differentiated tumors) had indices higher than 0.10
(i.e., they had loss or imbalance in at least 10% of the informative
markers analyzed). The mean allelic imbalance index for the high
nuclear grade DCIS tumors (r = 14) was 0.175 (£ 0.06) and for
the non-high grade lesions (n = 9) 0.095 (= 0.12). Although this
putative correlation did not reach statistical significance, probably
due to the sample size, it appears that there is a tendency for
association between high nuclear grade and higher frequency of
allelic losses and imbalances. This is in agreement with previous

D3S1298 'D1 68407 D1 §213 INT-2

D18S51

D18S51

D18S51

histopathological studies that indicated that high nuclear grade
appears to identify subsets of DCIS with worse prognosis (22).
ILCA Allelotype and Microsatellite Instability. We also com-
pared the allelotypic profiles of invasive ductal carcinomas with
ILCAs. “Ductal” and “lobular” do not denote a different site of origin;
in fact, it has been shown that most of both types of tumors originate
in the terminal duct lobular unit (23). However, there are distinct
morphological differences between the two histological types. Ap-
proximately 10—-15% of all breast cancers are ILCA (23). Histologi-
cally, lobular carcinomas have a distinctive infiltrative growth pattern
with characteristic cytological features (23). As recently reviewed by
Silverstein et al. (24), reports on the prognosis of ILCAs vary
considerably. Because characteristically these tumors show diffuse
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Table 2 Analysis of breast tumors with microsatellite instability by histology

RER+ tumors/total tumors
3/23 (13 %)

4/29° (14%)
7/52" (13%)

9/237(39%)
a versus ¢; P = 0.036, Xz test. b versus ¢; P = 0.012, X2 test.

Histology

Ductal carcinoma in situ

Invasive ductal carcinoma

Invasive lobular carcinoma

growth pattern without a prominent mass, they are more difficult to
detect and diagnose. It is interesting that patients with ILCAs were
reported to have statistically significantly higher risk of subsequent
development of contralateral breast carcinoma (24). It has also
been observed that the metastatic pattern of infiltrating lobular
carcinomas differs from that of invasive ductal carcinomas (25). In
our comparative allelotyping of invasive ductal versus invasive
lobular carcinomas, we observed that allelic losses and imbalances
affecting chromosome arms 1p, 3q, 11q, and 18q were more
frequent in invasive ductal than in invasive lobular breast cancers
(Fig. 1). On the other hand, 8p losses or imbalances were observed
in 36% of invasive lobular tumors but in only 14% of invasive
ductal tumors (Fig. 1). However, these differences between the two
tumor types are not statistically significant at the 0.05 level, and a
larger sample is necessary to conclusively identify specific anom-
alies.

Nevertheless, in the course of the allelotyping studies we observed
that numerous lobular tumor samples showed frequent abnormalitics
in the allele size migration in polyacrylamide gels when compared
with the matched normal controls (Fig. 2B). Abnormalities in size of
simple sequence nucleotide repeats is a phenomenon described as
microsatellite instability (26). This phenomenon has been described as
a characteristic of tumors from patients carrying the autosomal dom-
inant predisposition to tumors of the colon and endometrium, known
as hereditary nonpolyposis colon cancer (26). These studies led to the
identification of a group of human DNA mismatch repair genes as the
cause of such general genomic instability phenomenon. Germline
mutations in either the Escherichia coli mutS homologue hMSH2 or
the mutL homologues hMIH1, hPMS ], and hPMS2 have been found in
different subsets of hereditary nonpolyposis colon cancer kindreds
(27, 28). Microsatellite instability, also known as RER phenotype, has
also been reported to occur at various frequencies in various sporadic
neoplasias other than colon cancer, such as cancers of the endome-
trium (29), stomach (30), esophagus (31), bladder (32), and other

tissues. Yee et al. (33) reported microsatellite instability in 20% of
breast cancers. In some other studics, however, a very low frequency
of microsatellite instability was detected in breast cancer (34, 35).
These discrepancics may be duc to the number of loci and the type of
simple sequencc repeats assayed. For instance, it has been suggested
that tetranucleotide repeats are morc sensitive to RERs than are
dinucleotide repeats (36). Recently, Glebov er al. (37) observed that
individuals with a family history of breast cancer and with p53
mutations had a highcr frequency of abnormalitics of chromosome 17
loci.

In our study of unselected breast cancer cascs and mostly dinucle-
otide repeat markers, we observed thc RER+ phenotype in 16 of the
75 breast cancer samples (21%). This figure is similar to that reported
by Yee et al. (33). It was interesting, however, that when analyzed by
histological subtype, only 13% (7 of 52 tumors) of ductal tumors
(DCIS plus invasive ductal tumors) showed the RER+ phenotype, in
contrast to 39% (9 of 23) of infiltrating lobular breast carcinomas
(Table 2). This difference is statistically significant by x* analysis
(P = 0.012). Furthermore, if we exclusively compare invasive ductal
carcinomas with invasive lobular carcinomas, the differcnce is still
significant (P = 0.036). To address whether the observed microsat-
ellite instability could be simply the consequence of a morc aggressive
tumor phenotype, we plotted the allelic loss index for the DCISs and
the invasive ductal and lobular tumors, identifying those samples that
were RER+ (data not shown). We observed that the lobular breast
carcinomas do not appear to represent a more advanced tumor stage
because overall they had a similar level of allelic losscs as the
invasive ductal tumors. In addition, some tumors with very few
losses (low indices) were alrcady RER+, including three at the
DCIS stage.

Our data suggest that invasive lobular breast carcinomas appear to
arise by a mechanism of carcinogenesis different from that of ductal
breast carcinomas and may constitute a possible different pathological
entity. These findings also support previous observations of different
clinical behaviors of lobular breast tumors and ductal tumors (23-25).
As mentioned earlier, the diagnosis of lobular breast carcinoma has
been associated with a higher risk for development of multifocal or
subscquent contralateral breast cancer (23, 24). The possibility exists
that some patients that develop lobular breast tumors could harbor or
devclop mutations in any of thc DNA mismatch repairs genes in the
mammary epithclium, thus producing a field defect and constituting a

Table 3 Breast cancer patients with microsatellite instability in their tonors

No. of relatives with cancer

FDR" SDR
No. of Loci
Paticnt Affected Histology Age Other cancer” Breast Other Breast Other

66 1 Ductal 54 0 2 0 1

5 1 Ductal 43 0 ] 2 |
77 1 Ductal 63 Meclanoma 0 1 0 2

8 1 Lobular 66 Breast 0 1 0 3
75 1 Lobular 46 0 0 0 0
65 2 Ductal 29 0 0 1 0
37 2 Ductal 66 2 0 1 0
80 3 Lobular 51 Breast, cervix 0 2 0 1
83 3 Lobular 63 0 1 0 2
24 >3 Ductal 49 0 1 i 4
39 >3 Ductal 52 0 0 1 1
50 >3 Lobular 71 Endometrium 0 0 1 3
51 >3 Lobular 73 Breast. endometrium 0 1 0 1
53 >3 Lobular 69 Breast 1 1 0 1
54 >3 Lobular 76 0 2 0 0
81 >3 Lobular 52 1 0 1 2

9 Other neoplasia in the same patient.

b FDR, first-degree relatives (mother, father, siblings. children); SDR, second-degree relatives (aunts, uncles. grandparents, grandchildren).

3979



A DCIS ALLELOTYPE AND RER+ PHENOTYPE IN LOBULAR CARCINOMA

facilitating event for the development of secondary mutations leading
to tumor development.

Liu et al. (38) observed that only 1 of 10 patients with RER+
sporadic colorectal cancers had a detectable germline mutation in
any of the known DNA mismatch repair genes, and most of the
mutations found in the sporadic cases were somatic (38). It is
important to analyze the role of microsatellite instability in breast
cancer in light of the findings of Glebov et al. (37), who reported
an association between microsatellite instability and familial his-
tory of breast cancer. The samples we used, however, were ob-
tained at random from pathology files, and detailed information on
familial history of breast cancer was not available for most of the
cases, so we cannot evaluate in detail at this point the association
between microsatellite instability and family history. Nevertheless,
to at least partially address this point, we conducted telephone
interviews with the patients (or their next of kin) who had breast
tumors with the RER+ phenotype. We obtained detailed family
histories on all first- and second-degree relatives (Table 3). Most
of the breast cancers observed in family members, however, were
among older relatives, suggesting that these are probably sporadic
breast cancers. It was interesting that four of the nine patients with
lobular breast cancer and the RER+ phenotype had, previously or
synchronously, another breast cancer. In addition, three of these
four cases were among those with multiple affected chromosomal
loci. On the basis of our observations, we speculate that detection
of microsatellite instability has the potential to be useful in iden-
tifying patients at risk of developing second breast cancers. How-
ever, these are only observations, and these findings will certainly
be substantiated with a larger data set.

In summary, in this report we identified for the first time the
chromosome arms most frequently affected by losses and imbalances
at preinvasive stages of breast carcinogenesis and those allelic loses
involved in more advance stages of progression. In the course of these
studies, we also observed that microsatellite instability was much
more frequent in infiltrating lobular breast cancers than in ductal
breast tumors. Our findings suggest that infiltrating lobular breast
carcinoma is a different entity from ductal carcinoma and may arise
by a different mechanism of carcinogenesis.
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Summary

We have optimized a technique that allows the study of numerous chromosomal loci (n = 20-50) from single
paraffin-embedded tissue sections by microsatellite length polymorphism analysis. DNA samples from nor-
mal and breast cancerous tissue can be obtained from the same section by means of microdissection. This
technique was further improved by subjecting DNA to several cycles of amplification with a degenerate (uni-
versal) primer and then with specific microsatellite primers. This amplified DNA was also used to screen for
mutations in the p53 gene by means of PCR-SSCP. In addition adjacent tissue sections were used to assess
specific chromosome copy number by interphase cytogenetic analyses (chromosome in situ hybridization)
and to analyze expression of specific genes such as p53 and ERBB2. As an example of the use of our approach
we performed a detailed chromosome 17 allelotypic analysis in 22 breast tumors (5 ductal carcinomas in situ,
13 invasive ductal carcinomas, and 4 invasive lobular carcinomas). We detected mutations in the p53 gene by
PCR-SSCP in 36% of the samples. Samples with significant levels of pS3 protein accumulation detected by
immunohistochemistry were also positive for mobility shifts in the SSCP analysis. We observed that chromo-
some 17 allelic losses and imbalance occurred at as early a stage as ductal carcinoma in situ (DCIS). Although
in some cases we observed allelic losses or imbalance affecting the 17p13 region, close to the p53 locus, several
of the tumors showed dissociation between such loss or imbalance and p53 mutation. Lobular carcinomas
were predominantly disomic for chromosome 17 in contrast with ductal tumors, which often showed polysomy
for chromosome 17. This comprehensive approach correlating the tumor subtype, its allelotype, with specific
chromosome copy number and specific gene mutations and expression in preinvasive or early invasive breast
cancer lesions will potentially provide information of relevance for a better understanding of the multistep
mechanisms of breast carcinogenesis.

Introduction vance and role in sporadic breast cancer of most of

these abnormalities is still unclear [1-3]. It is very
Numerous somatic mutations affecting various important to determine whether some of these
genes and chromosome regions have been de- anomalies are cause or effect of tumor progression
scribed in human breast cancer. However, the rele- [2]. Thus, there is a need for studies addressing the
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sequentiality and timing of the various genomic ab-
normalities from the putative breast premalignant
lesions to the most aggressive malignant pheno-
types. The best obvious source of material for the
identification of the various stages of progression is
available from paraffin-embedded tissues used in
routine diagnostic procedures.

In this report we describe the optimization of a
comprehensive technical approach for a multipara-
metric analysis of human breast cancer lesions from
paraffin-embedded tissue sections. By analyzing
preinvasive and early invasive breast cancer lesions,
this approach allows determination of the timing of
presentation of several of the most common ge-
nomic abnormalities. The techniques described
here allow the analysis of normal and pathological
template DNA from microscopic lesions. Our ap-
proach is based on the use of microsatellite chromo-
some markers (simple sequence repeats or SSRs)
for tissue allelotyping [4]. SSRs became tools of
common use in the analysis of genetic abnormali-
ties in carcinogenesis [5, 6]. The frequent polymor-
phism in their length among different individuals
makes SSRs particularly valuable for the detection
of allelic losses or imbalance affecting specific chro-
mosome areas. They also allow the identification of
tumors that may be generated due to errorsin DNA
mismatch repair and characterized by a general mi-
crosatellite instability [7].

Interphase cytogenetics chromosomal in situ hy-
bridization, or CISH, is another recently developed
technique being used extensively for the study of
genomic abnormalities in solid tumors [8, 9]. This
technique can also be applied to paraffin-embed-
ded tissue sections [10-12]. CISH allows evaluation
of the degree of intratumor clonal heterogeneity
and eventually identification of tumor subpopula-
tions on microscopic lesions [12]. The optimization
of micromolecular techniques such as SSR analysis
of chromosomal loci from paraffin-embedded sec-
tions, coupled with other techniques in current use
such as intérphase cytogenetics and conventional
immunohistochemistry, will allow valuable retro-
spective studies of archival tissues to be done.

Materials and methods
Microsatellite analysis

Five- to eight-micron-thick sections were cut from
paraffin-embedded tissue blocks. Tissue microdis-
section was done on paraffin-embedded sections by
drawing the silhouette of the arca of interest on an
H&E-stained slide and overlapping with the un-
stained specimen or by deparaffinizing first, stain-
ing with toloudine blue, and then microdissecting.
Normal and tumor samples can be obtained from
different areas of the same section or alternatively
samples for normal DNA can be obtained from ad-
ditional paraffin blocks from unaffected tissues
(e.g. lymph nodes). After deparaffinizing (3X xy-
lene/30 min), samples were rehydrated in decreas-
ing alcohol gradients. DNA was extracted by incu-
bating in 200 pl Instagenc chelex matrix solution
(BioRad) containing 60 Lg of proteinase K. Incuba-
tions were carried out in a shaking incubator at
37° Covernight. After proteinase K digestion, sam-
ples were boiled for 10 min, vortexed, and centri-
fuged at > 7,000 G for 5 minutes. After centrifuga-
tion, 150 ul of usable volume was produced: of this,
2-10 pl were used for PCR amplification, depend-
ing upon the cellularity of each sample. Prior to
PCR reactions, the forward primer was end labeled
with T4 polynucleotide kinase (Promega) and
6,000 Ci/mmol [y-"P] = dATP (NEN). PCR reac-
tions were performed in a 20 ul reaction volume
150 pM each dNTP, 1 u Taq polymerase, 1 X Taq
buffer (Promega), -2mM MgCl,, 1 pmol labeled
primer and 2.5 pmol unlabeled forward and reverse
primers.

In a *hot start’ procedure template and primers
were heated to 96° C and denatured for 5 min. The
remaining reaction constituents were added later at
80 ° C. The DNA was then subjected to 30-35 cycles
of 40 scc at 94° C and 30 sec at 55° C, and a final
elongation step of 5 min at 72° C. Products were
electrophoresed on a 7% polyacrylamide sequenc-
ing gel at 90 w constant power for 2-4 hr. Gels were
dried at 65-70° C for 1-2 hr and exposed to X-ray
film from 4 hr to overnight. For certain primer scts,
the amplification conditions were further opti-
mized by titrating the MgCl, concentration in the
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Pl Note: Sequence of the uni%rersal primer should read:
o C((%GACTCGAGNNNNNNATQTGG
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reaction buffer. In some cases it may be necessary to
use higher annealing temperatures (60°C or
65° C). Primers used were: D178513 [13], D17S579
[14], MPO [15], D178784, D17S849 [16], and
D17S520 (J. Weber, unpublished data).

An alternative approach was used to analyze ex-
tremely small lesions or to generate additional tem-
plate DNA. This approach was based on the use of a
degenerate universal primer (DOP-PCR), as de-
scribed by Telenius et al. [17]. To this end a 1-2 pl
sample from the original 150 pl template-contain-
ing solution was obtained. This sample was used as
template for one round of PCR amplification with
the universal degenerate primer 5-CCGACTC-
GAGNNNNNNATCTGG-3" [17]. The reaction
mixture contains a template DNA sample, 1.5 uM
universal primer, 200 uM each dNTP, 2 mM MgCl,,
50 mM KCl, 10 mM Tris-HCl, pH 8.4, 0.1 mg/ml ge-
latin, and 2.5 U Taq polymerase in a 50 pl reaction
volume.

For this alternative approach, reaction mixtures
were subjected to one cycle of 4 min at 93° C; 8 cy-
cles of 1 min at 94° C, 1 min at 30° C, and 3 min at
72° C;28cycles of 1 min at 94° C,1 min at 56° C, and
3 min at 72° C, and a final extension at 72° C for
10 min. The resulting PCR product was then used as
the template (1 pul) for a second PCR using either
the specific microsatellite primers as described
above or the specific p53 exon primers for PCR-
SSCP analysis.

PCR-SSCP analysis

PCR-SSCP analysis of exons 5-8 of the p53 gene
was performed using a commercially available hu-
man p53 amplimer panel (Clontech Lab. Inc.) [18].
Each PCR was done in a 20 pl volume containing
3 pmol of each primer at a 1:3 labeled/unlabeled ra-
tio (both primers were previously end labeled with
v-*P), 300 uM dNTPs, 10 mM Tris-Cl, pH 8.3,
50 mM KCl, 1.5 mM MgCl,, 0.01% (weight/volume)
gelatin, and 1.0 U Taq DNA polymerase. Samples
were overlaid with 25 pl of mineral oil and then am-
plified in 35 cycles of 1 min at 94° C,1 min and 40 sec
at 66° C, and 1 min at 72° C for extension. The reac-
tion mixture was then mixed 1:1 with a solution con-

taining 20 mM EDTA, 95% formamide, 0.05% bro-
mophenol blue, and 0.05% xylene cyanol. Samples
were heated at 95° C for 5 min, chilled on ice, and
immediately loaded onto a 6% acrylamide/Tris-bo-
rate-EDTA gel containing 6% glycerol (volume/
volume). Gels were run at 10 W (0.5 W/ecm) for
3-4 hr at room temperature. Autoradiography was
performed overnight at room temperature without
intensifying screens. Genomic DNAs from control
samples containing known wild-type and mutant
pS3 alleles were processed in parallel in every assay.

Chromosomal in situ hybridization

The methodology for interphase cytogenetic analy-
sis has been previously described [12]. Briefly, sec-
tions from breast tumor tissue were dewaxed in xy-
lene, dehydrated in graded alcohol, baked at 80° C
for 1h, and treated with 0.4% pepsin (Sigma, St.
Louis, MO) in 0.2 N HCI for 30-55 min. Following
denaturation at 94° C for 4 min, hybridization was
carried out overnight in 60% formamide, 2X SSC
containing 5% dextran sulphate, 1 mg/ml salmon
sperm DNA, and 0.8-1.0 ng/ul probe. After hybrid-
ization, the slides were washed in 50% formamide
in 2X SSC (pH 7.0) at room temperature and then
washed in 0.1X SSC at 37° C. The hybridization sig-
nal was detected by the immunoperoxidase tech-
nique using the Vectastain ABC kit (Vector) and
diaminobenzidine (DAB) as the chromogen sub-
strate, as previously described [12]. Signals were
quantitated as previously described {19]. The num-
ber of signal spots on a minimum of 100 nuclei in a
given area was counted using previously described
criteria [19]. A minimum of five randomly chosen
areas were counted on each slide from each cell
block. The CI was calculated by dividing the total
number of signal spots by the number of nuclei
counted. In brief, the chromosome index (CI) was
calculated for defined histological regions by divid-
ing the total number of signal spots by the total
number of nuclei counted. For disomic cells, the CI
for any given chromosome in our experience is 1.0.
To account for minor technical differences in hy-
bridization efficiency from one experiment to the
next and from one region to another, a CI of > 1.20
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Fig. 1. Multiparameter analysis of breast cancer from paraffin sections to determine genotype phenotype correlations. A) DNA from
normal (N} and tumor (T) areas of paraffin-embedded sections is obtained with the aid of microdissection. Normal DNA can also be
obtained from a separate histological section of normal tissues from the same patient. e.g. unaffected lymph node. After microdissection
of the area of interest the material is collected. purificd and digested. PCR is performed using primers flanking specific microsatellite
markers (SSRs). B) at right is shown the alternative protocol for extremely small samples using a few cycles of amplification with a
universal primer mixture [17]. This DNA can also be used to screen for mutations such as in p53. Adjacent scctions are used for interphase

cytogenetics and immunohistochemistry.

was considered to represent polysomy and a CI of
< 0.80 monosomy.

When permitted by the size of the lesion, tumors
were also analyzed by routine DNA flow cytometry
to determine DNA index (DI).

Immunohistochemistry
p53 protein accumulation was analyzed by the avi-

din-biotin-peroxidase complex method using the
D01 antibody (Oncogene Science), which detects

both mutant and wild-type p53 protein. Results
were expressed as the approximate percentage of
positive cells in random microscopic fields of obser-
vation. ERBB2 expression was detected with a
commercially available antibody (Oncogene Sci-
ence).

Results and discussion

We have developed a technique to analyze multiple
chromosomal loci from single, microdissected, par-



affin-embedded sections. This involves PCR-medi-
ated analysis of microsatellite length polymor-
phisms. Similar approaches were also recently de-
veloped by other laboratories [20]. We are now us-
ing the techniques described here to allelotype
small preinvasive and invasive breast cancer lesions
and then correlate the allelotypes with other tumor
markers as well as cytogenetic changes such as nu-
merical abnormalities of specific chromosomes
(Fig. 1). To overcome the potential problem of nor-
mal DNA contribution from stromal or inflamma-
tory cells, we microdissected areas of interest from
each tissue section. From 5-8 pum tissue sections, we
obtained enough template DNA to perform ap-
proximately 20-50 PCR reactions, which allowed
the analysis of as many different chromosomal loci
(Fig. 1A). The number of reactions depends on the
size of the original sample, and certain primer sets
require higher levels of template DNA. Thus, this
general strategy was further improved by modify-
ing a previously described DOP-PCR technique
[17] to allow the analysis of even smaller samples
and the gathering of larger amounts of template
DNA. This facilitated the analysis of more chromo-
somal loci as well as the screening of specific gene
mutations by PCR-SSCP. We obtained a minimum
sample (1-2 pl) from the original template-DNA-
containing solution by this alternative approach
(Fig. 1B). This sample was subjected to a few cycles
of PCR amplification with a universal degenerate
primer, as described by Telenius et al. [17]. The re-
sulting amplified products were used as template
for amplification with the specific microsatellite
flanking primers or the gene-specific primers (e.g.
p53 amplimer panel). Figure 2 compares both of the
methods described above. The allelic loss affecting
marker D178579 (upper allele) could be detected
equally well by the direct technique (Fig. 2A) and
the universal primer technique (Fig. 2B). This in-
dicates that the proportionality of the alleles is pre-
served even after several cycles of whole genome
amplification with a universal primer. This was fur-
ther demonstrated by mixing at variable propor-
tions two DNA samples, each homozygous for a dif-
ferent allele of marker D17S513, and comparing the
sensitivity of both techniques, the direct approach
and the universal primer method (Figs 2C and D,
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Fig. 2. Comparison of both techniques as shown in Fig. 1. A) Di-
rect analysis of the D178579 marker in patient 1, with loss of the
upper allele in the tumor (T1) and in the corresponding metasta-
sis (M1). At right B) is shown the analysis of the same D17S579
marker by the universal primer approach (Fig. 1B). As seen, the
loss of the upper allele of this marker in T1 and M1 is preserved
and detected using the universal primer approach.
Comparative analysis of mixtures of two alleles of D178513 by
using the direct method in C and the universal primer approach
in D. Two DNA samples homozygous for D178513 were mixed a
various proportions prior to PCR, the percentage in the mixture
of the sample with the smaller allele is shown at the bottom of
each figure, see text for details.

respectively). The two samples with similar DNA
concentrations were obtained from tissue sections
were mixed at various proportions as indicated
(Figs2C, D) and were subjected to amplification us-
ing the direct approach (Fig. 2C). A 1 ul sample of
the original mixtures was diluted in a 49 pl reaction
volume for PCR amplification using the universal
primer. Finally a1 pl sample of this last reaction was
used to amplify using the specific primer set for
D178513 (Fig. 2D). As can be observed both ap-
proaches yielded comparable results confirming
that the universal primer method can detect alter-
ations in the proportionality of the different alleles.
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Fig. 3. Representative autoradiographs of multiple normal (N) and breast tumor (T) samples obtained from paraffin-embedded tissues
demonstrating the analysis of chromosome 17 loci. In panels A and B note LOH in samples T3, Tll. and T20. In panel C. notc the
generation of a novel allele (arrow) in the tumor T24; we observed the same phenomenon with other markers in this patient (microsatel-
lite instability). PCR-amplificd microsatcllites with onc primer end labeled were separated on a 7% polyacrylamide sequencing gel.
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Fig. 4. Schematic representative summary of chromosome 17 al-
lelotype and p53 mutation analysis of various breast cancer sam-
ples previously analyzed by means of microsatellite polymor-
phism in paraffin sections. Open circles, no LOH: closed circles,
LOH or allelic imbalance: —, noninformative. pS3 mutations
were detected by PCR-SSCP analysis.

Figure 3 shows a representative analysis of mul-
tiple loci from the q and p arms of human chromo-
some 17 in various invasive and in situ breast carci-
nomas by the direct technique. Figure 4 shows the
results of our detailed chromosome 17 analysis of 22
breast tumors (5 ductal carcinomas in situ, 13 inva-
sive ductal carcinomas, and 4 invasive lobular carci-
nomas).

We also evaluated the sensitivity of the universal
primer technique in detecting specific gehe muta-
tions. In this case we analyzed the same 22 tumors
for p53 gene mutations by PCR-SSCP assay. We
used 5 ng samples of template DNA from normal
human DNA as negative controls and 5 ng samples
from cell lines with known mutations in each of the
p53 exons as positive control (e.g. Colo-320 for ex-
on 7, BT-474 for exon 8). The control and tumor
samples were first subjected to universal primer
amplification as described in Methods. A 1-2 ul
sample of the resulting products was then subjected
to a second PCR using the end-labeled p53 exon-
specific primers. After a final denaturation, the
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PCR products were separated on a 6% polyacryla-
mide gel under nondenaturing conditions. Repre-
sentative results are shown in Fig. 5. Of the 22 tu-
mors analyzed for mutations in p53 exons 5-8, we
detected mobility shifts in 8 (36% ) samples: 2 ductal
carcinomas in situ, 4 invasive ductal carcinomas,
and 1 lobular carcinoma (Fig. 4 lower panel).

Adjacent sections from 14 of the tissue blocks
were also analyzed for chromosome 17 copy num-
ber by interphase cytogenetics CISH and expres-
sion of p53 and ERBB2 by immunohistochemistry.
The results of these studies are shown in Table 1.
Based on the data shown in Fig. 4 and Table 1, we
concluded that allelic losses and imbalance already
were occurring at the carcinoma in situ stage, as pre-
viously reported [21]. In several cases we observed
allelic losses or imbalance affecting the 17pl13 re-
gion, close to the p53 locus, but in several other tu-
mors this event and p53 mutations were dissociated
as observed by other authors [22]. However, tumors
showing significant levels of p53 protein accumula-
tion such as tumors 7, 10, and 19 also showed mobil-
ity shifts in the p53 PCR-SSCP assay. We also ob-
served only a modest number of losses involving the
17q21-22 region, lower than previously reported by
others [3].

The results also show that interphase cytogenetic
analysis supplements the information gained from
ploidy analysis by DNA flow cytometry alone. In
many cases where flow cytometry could not be per-
formed because the lesions were too small for gross
observation, CISH techniques allowed the copy
numbers of specific chromosomes to be estimated
(e.g. tumors 5, 10, 16, 19, and 24). Furthermore, dif-
ference in copy number of chromosomes between
adjacent but phenotypically distinct regions could
be determined: e.g. tumor 10, the in situ component
was polysomic (CI 1.66) for chromosome 17, but the
invasive component was disomic (CI 1.10).

In summary, we have developed and applied a
methodology for analyzing large numbers of chro-
mosomal loci from single paraffin-embedded sec-
tions of small preinvasive and invasive breast can-
cer lesions. The basic technique involves tissue mi-
crodissection and microsatellite length polymor-
phism analysis. We have further improved this
approach conducting a first round of DNA PCR

P53 Exon 7

P53 Exon 7

WtM 4 1012131518

CoWt M Wt 256 26 27 28

Fig. 5. Representative PCR-SSCP analysis of p53 exons 6 and 7
from a DNA template obtained from paraffin-embedded breast
cancer tissues using the universal primer method. WT; wild type,
M; positive control DNA for mutation in the corresponding ex-
on. Note the clear shift in band mobility in some of the positive
samples as indicated by arrows.

amplification with a degenerate universal primer
for total genome amplification and then with specif-
ic microsatellite primers. We observed that the
DNA so obtained preserved the proportionality of
the different alleles as found in the original sample.
We also determined that DNA obtained from the
same lesions and amplified with the universal prim-
er could be used to screen for specific gene muta-
tions such as in p53. In addition, tissue sections ad-
jacent to those used for the micromolecular analysis
were successfully used to assess specific chromo-
some copy number by interphase cytogenetic analy-
sis (CISH) and to analyze the expression of specific
genes by immunohistochemistry.

This type of comprehensive approach using ar-
chival paraffin-embedded tissues will allow correla-
tion of genetic changes (at both the chromosomal
and molecular levels) with their phenotypic conse:
quences in the same preinvasive and invasive le-
sions. Such an approach will also allow us to dissect
the specific events involved in the multistep process
of breast carcinogenesis.
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Table 1. Analysis of multiple genotype and phenotype characteristics from breast cancer paraffin sections

Sample  Pathology® Nuclear LOH or imbalance® p53 p53 c-erb B-2 DNA Chromosome
grade® ____ mutation® accumulation' expression® index" 17 Cr
17p 17q
IDC I @] ni + (E6) nd nd 1.99 0.86
5 IDC I 2)® mne - - - nd 0.91
10 IDC/DCIS II O O +(E7) 5% - nd IDC 1.10;
DCIS 1.66
16 IDC I 2)e O - 5% - nd 1.60
7 DCIS" I ni e - - - 1.0 1.09
11 DCIS I (e O - - + 222 224
12 DCIS I O O - - + 1.36 nd
13 DCIS I O ne +(E7) 50% + 1.13 1.19
19 DCIS 11 me O + (E8) 20% - nd 1.93
24 DCIS I1 MI MI nd - - nd nd
8 ILC II1 2)e mHe - 1% - 1.16 1.12
9 ILC 11 mne @) - 1% - 1.0 1.05
15 ILC 11 O me - - - 0.93 1.02
20 ILC/LCIS 11 2)e O + (E8) nd - 1.65 1.21

* Abbreviations: IDC, invasive ductal carcinoma: DCIS, ductal carcinoma in situ: ILC. invasive lobular carcinoma: LCIS, lobular carcino-
ma in sitit.

® All DCIS lesions were comedo DCIS with the exception of Sample # 7 which is a non-comedo lesion.

¢ According to Black’s nuclear grading system in which I = poorly diffcrentiated. II = moderately differentiated and 111 = well differ-
entiated.

¢ According to microsatellite analysis. ®; loss or allelic imbalance. in parenthesis number of markers affected per arm: O, no loss: ni. non
informative.

¢ Exon affected, as determined by PCR-SSCP: shown in parentheses.

' Determined by immunohistochemistry using an antibody that recognizes both wild-type and mutant p53 protein. —, negative for accu-
mulation; +, accumulation expressed as approximate percentage of positive cells: nd. not determined.

¢ Determined by immunohistochemistry.

" Determined by DNA flow cytometry from fresh specimens.

" Determined by chromosomal in situ hybridization with chromosome 17 centromeric probe.

I M1, microsatellite instability.
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Abstract

Allelic losses or imbalances affecting chromosome arm 16q appear to be
early genomic abnormalities in breast carcinogenesis, because they were
observed in a significant number of breast ductal carcinoma in situ lesions
in our previous study (Aldaz et al., Cancer Res., 55: 39763981, 1995). To
define the minimum region of loss of heterozygosity (LOH), we generated
a high-resolution allelotype of 35 ductal carcinoma in situ cases and
completed a deletion map of chromosome 16q by means of paraffin-
embedded tissue microdissection and PCR microsatellite analysis of 22
markers. We observed a strikingly high frequency of LOH in 16q, with 31
of 35 tumors (89%) affected. We identified three distinctive areas with
high LOH. Two areas were described previously and correspond to 1621
and 16q24.2—qter. The third and most commonly affected area spanned
the region from marker DI16S515 to marker D165S504. The most affected
locus was at D16S518, in which LOH was observed in 20 of 26 informative
cases (77%), and we estimate that it lies in subregion ¢23.3-q24.1. The
region of highest LOH spanned approximately 2-3 Mb, as determined by
a yeast artificial chromosome contig reported to cover this region. Such a
high frequency of LOH at a preinvasive stage of breast cancer suggests
that a candidate tumor suppressor gene or genes at this location may play
an important role in breast carcinogenesis.

Introduction

Breast cancer is the most common cancer among women, account-
ing for approximately 46,000 deaths in the United States each year
(1). Numerous studies have focused on the identification and analysis
of specific gene mutations and chromosome abnormalities in sporadic
breast cancer, but to date no clear model of the critical events or
delineation of primary abnormalities has emerged (2). DCIS® of the
breast is known to be a preinvasive stage of breast cancer and is
probably the precursor of infiltrating breast cancer (3). Thus, genetic
alterations shown at this stage might indicate association with early
events in malignancy or invasiveness.

LOH at specific chromosomal loci has been considered part of the
indirect evidence for postulating the existence of possible tumor
suppressor genes within those specific chromosome regions. It is
known that several mechanisms, such as chromosomal deletions,
monosomy, mitotic recombination, and unbalanced translocation, can
lead to the loss of alleles in tumors (4). Hypothetically, the remaining
allele of the tumor suppressor gene in question could be rendered
inactive by events occurring at the gene level, such as specific point
mutations or other types of inactivating mutations. Usually, LOH at
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specific chromosome regions affects not only the putative tumor
suppressor gene but also neighboring genes or genetic markers that
are used as indicators to track down the minimum area of LOH.

In a previous report, we described the development of a technical
approach that allowed us to generate LOH analyses (allelotypes) from
paraffin-embedded tissue samples (5). The basic technique involves
tissue microdissection and microsatellite length polymorphism anal-
ysis. Using this micromolecular approach, we compared the allelo-
types of in situ and invasive breast cancer lesions (6). We observed
that specific chromosome arms are more frequently affected by allelic
losses and imbalances at preinvasive stages of breast cancer. In
particular, allelic losses affecting chromosome 16q, as well as chro-
mosomes 17p, 17q, and 7, appear to be early genomic abnormalities
because they were observed in a significant number of DCIS lesions
6).

LOH on chromosome 16q at various frequencies has been widely
reported in breast (7-10), prostate (11), hepatoblastoma (12), and
Wilms’ tumors (13). In particular, two regions on chromosome 16q
have been revealed to have a very high frequency of LOH in breast
cancer; one maps to region 16922.1 and the other to 16q24.2—-qter
(8-10).

In the study reported here, we extended our previous observations
(6) using PCR microsatellite-length polymorphism analysis and pre-
cise tissue microdissection of paraffin-embedded tumor samples to
generate a high-resolution deletion map of chromosome 16q in breast
DCIS. We were able to identify a region of approximately 2-3 Mb as
the location of a putative tumor suppressor gene of possible relevance
in the development of breast cancer.

Materials and Methods

Tumor Samples. DCIS samples were obtained from paraffin-embedded
tissue blocks from the archives of the Department of Pathology of The
University of Texas M. D. Anderson Cancer Center. A total of 35 cases of
tumors collected and diagnosed as pure breast DCIS by our collaborating
pathologist (A. S.) was analyzed. DCIS samples were classified by nuclear
grade and by the presence (comedo) or absence of necrosis. Twelve tumors
were classified as poorly differentiated with high nuclear grade; the remaining
23 samples were classified as moderate and well differentiated with lower
nuclear grades (moderate and low nuclear grades). Twenty-one of the samples
showed evidence of necrosis; the remaining 14 showed no necrosis. We did not
include any DCIS with infiltrating components.

Paraffin-embedded Tissue Microdissection. The basic technical ap-
proach has been described previously (5). Minor modifications were intro-
duced to improve the efficiency of microdissection. Briefly, one to three
5-8-um-thick paraffin sections were stained and microdissected. Using com-
panion H&E-stained slides as a reference, tumor cells were microdissected
using a fine-point surgical blade (No. 11) under an inverted microscope. The
edges of tumor area and stroma were cleared of debris using the same blade
and blown with a stream of compressed air. A new blade was then used to
dissect normal tissue the same way.

DNA Preparation. Samples were rehydrated, and DNA was extracted by
incubating in 200-u! Instagene chelex matrix solution (Bio-Rad) containing 60
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pg of proteinase K in a shaking incubator at 37°C overnight. After proteinase
K digestion, samples were boiled for 10 min, vortexed, and centrifuged at
>7000 X g for 5 min. Aliquots of the supernatant (5 ul each) were used for
PCR amplification.

PCR Microsatellite Analysis. The primers for highly polymorphic human
microsatellite repeats listed in Table 1 were purchased from Research Genetics
(Huntsville, AL). Before PCR reactions, the forward primer was end labeled
using T4 polynucleotide kinase (Promega) and [y-*P]JATP (DuPont New
England Nuclear). Each PCR reaction was performed in a 20-ul reaction
volume containing 150 um each dNTP, | unit of Taq polymerase (Promega),
1X Taq buffer (Promega), 1.5 mm MgCF, 1 pmol-labeled primer, and 2.5
pmol of unlabeled forward and reverse primers. A hot-start procedure was used
in which template and primers were denatured at 96°C for 5 min. Afterward,
the remaining reaction constituents were added for 35-40 cycles at 94°C for
40 s, 55°C for 30 s, and 72°C for 30 s, and a final elongation step at 72°C for
5 min. Products were electrophoresed on 7% polyacrylamide sequencing gels
at 90 W of constant power for 2-3 h. Gels were dried at 65-70°C for 1-2 h and
exposed to X-ray film from 4 h to overnight. As necessary, for certain primer
sets, the amplification conditions were further optimized by adjusting the
MgCI? concentration in the reaction buffer.

The sample was considered to have partial LOH, or allelic imbalance, if the
normal signal intensity of one allele was diminished by approximately half or
more in relation to the remaining allele. Complete LOH was defined as a
decrease of 90% or more in the signal intensity of one allele relative to the
other. YAC clones spanning the region of interest were purchased from
Research Genetics.

Results

Microdissection of Paraffin-embedded Ductal Carcinoma in
Situ. To optimize the microdissection of tumor and normal samples,
the sections were stained before dissection. In this way, exact areas of
tumor and normal tissue could be dissected from the same slide. Fig.
1 shows three foci of DCIS (case 59) before (A) and after (B)
microdissection. For each slide, separate blades were used to dissect
tumor and normal samples, and a stream of compressed air was used
to clear away debris before dissecting the normal tissue. Using this
approach, we generated from a single slide relatively pure tumor and
normal genomic DNA pools that could serve as templates for approx-
imately 20-30 PCR reactions.

Allelic Loss and Deletion Map on Chromosome 16q. We ana-
lyzed a total of 35 breast DCIS cases for LOH using a panel of 22

Fig. 1. Representative microdissection of a DCIS sample from paraffin-embedded
tissue section. A, before microdisscction: note the three central structures (arrows). B,
samce arca after microdissection (arrows).

microsatellite markers as summarized in Table 1 and Fig. 2. Thirty-
one of these samples (89%) showed LOH, or allelic imbalance, in at
least one or more chromosome 16 loci. Fig. 2 schematically displays
the chromosome 16 allelotype of the individual DCIS tumors. We
observed no correlation between the occurrence or pattern of LOH
and the histopathological classification. (i.e., DCIS samples with or

Table 1 Chromosome 16 LOH in ductal carcinoma in situ of the breast

Cumulative Tumors with
linkage map Cytogenetic LOH/Informative
Locus distance (cM)¢ location” No. of cases cases % LOH
D165407 pi3.13 34 2/33 6
D165420 47 pl2.3 31 3/24 13
D165285 ql2.1 34 4724 17
D165261 ql2.1 34 6/20 30
D168390 ql2.2 32 5/23 22
DI6S533 q21 33 7/23 30
D165400 89 q21 32 T 64
DI16S503 88 q21 28 10/21 48
D165398 q22.1 34 13/28 46
DI165421 92 q22.1 32 12/22 55
D16S512 98 q22.1 33 9/21 43
DI165260 q22.2 29 8/16 50
DI165395 q23.1-q23.2 35 14726 54
DI16S515 100 q22.3-q23.1 33 13/23 57
DI6S518 103 q23.1-q24.2 33 20/26 77
D16S516 108 q24.1 30 14/21 67
D165504 109 q24.1 32 15720 75
D168507 113 q23.2 35 "9 37
D165393 q24.1 32 10/23 43
DI165422 119 q24.2 29 10721 48
D165402 120 q24.2 32 14/19 74
DI168413 137 q24.3 35 10/27 37

“ According to Genethon Linkage Map (March 1996).
® According to GDB (August 1996).
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Fig. 2. Schematic representation of chromosome 16q allelotype in breast DCIS. Numbers at the fop of the figure represent each individual tumor. M, LOH; E, allelic imbalance;

[, no LOH; NI, noninformative locus; S, shift in allele size.

without necrosis and with high or low nuclear grades showed LOH at
multiple loci in chromosome 16q.) As can be observed, approximately
one-third of the cases displayed large terminal deletions or recombi-
nations involving most or all of the whole chromosome 16 q arm (Fig.
2). The remaining two-thirds of LOH appeared to be the result of
mostly interstitial deletions or more complex recombination events.
By overlapping the LOH pattern of the various tumors, we could
determine that the region between markers DI16S515 and D16S504
(box in Fig. 2) was the most commonly affected area. Fig. 3 shows
representative autoradiographs demonstrating allelic losses in tumor-
derived DNA between 16q21 and 16q24. Clear patterns of allelic
losses, as shown, were observed throughout the experiment.

Table 1 summarizes the information gathered on the 22 loci studied.
Loci are displayed in linear order according to the integrated chro-
mosome 16 physical and genetic map (14). Three distinct regions
were observed to have a very high percentage (~70% or above) of
allelic losses among informative DCIS samples. The main region
extended approximately from 16q23.1 to 16g24.1, which spans the
area including markers D165515 (57% frequency of LOH), D165518
with losses in 20 of 26 informative DCIS samples (77%), D165516
(67%), and D165504 (75%). The two other areas of high LOH were
16924.2, including the D16S402 locus with a 74% LOH (14 of 19
informative cases), and 16q21, including D165400 (64% LOH; 7 of
11 informative cases). Other loci in the p arm and in the q arm more
proximal to the centromere showed a much lower frequency of
involvement.

As indicated, D16S518 was the most commonly affected locus in
the chromosome 16q arm. To estimate the approximate physical size
of the region with the highest frequency of overlapping deletion, the
region of interest was compared with a partial YAC contig that
reportedly spans this area (Fig. 4; Ref. 14). We confirmed the location
of the microsatellite markers DI165518, D16S516, and D16S504 to
YAC clones 933h2 and 972d3 as shown. This area appears to span
approximately 2-3 Mb, and is very likely located within chromosome
bands 16q23.3—q24.1.

Discussion

DCIS was always suspected to be the most probable precursor to
invasive carcinoma (3). Page and Dupont (3) found a greatly increased
risk of subsequent invasive breast cancer in women with a history of
DCIS positive biopsy. Recently, several laboratories have provided
molecular evidence that further substantiates the model of progression
from DCIS to invasive breast cancer (15-17). Nevertheless, we still
know very little about the role of specific genetic abnormalities at
preinvasive stages of breast cancer development. We have recently
demonstrated that specific chromosome arms are more frequently
affected by allelic losses at the DCIS stage (6). On the basis of these
results, we postulated that these genetic alterations in DCIS are early
events and may play an important role in the genesis of invasive breast
cancer. In that study, we observed that marker D165413 located on
telomeric band 16q24.3 was significantly affected by allelic losses
when compared with other loci. This prompted us to extend our
analysis on the g arm of chromosome 16 by generating a high-
resolution allelotype of this chromosome arm.

Chromosome 16q has been suggested as a site for the occurrence of
primary cytogenetic structural abnormalities in the development of
breast cancer (18, 19). In particular, 16q was shown to participate
systematically in nonrandom translocations with chromosome 1 and
to have frequent deletions (2). Furthermore, breast cancer allelotypic
studies have systematically shown the common occurrence of allelic
losses affecting the chromosome 16q arm. In addition to our obser-
vations (6), other investigators have also reported the occurrence of
frequent allelic losses affecting chromosome 16q in DCIS (9, 20).

It has been suggested that more than one putative tumor suppressor
locus of interest in breast cancer may reside in 16g. At least two
regions of chromosome 16q have been reported previously to have
consistent LOH: 16q21 and 16q24.2—qter (2, 8—10). Here, we report
that 31 of 35 DCIS tumors (89%) showed allelic losses in one or more
loci of the long arm of chromosome 16. This is a very high incidence
when compared with approximately 50% or lower frequency of LOH
seen in other studies of invasive breast carcinomas (8-10). We can
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Fig. 3. Representative autoradiographs demonstrating LOH and allelic imbalance at various chromosome 16q loci as indicated. N, normal tissue: 7, tumor (DCIS) tissuc.

explain this difference by our use of very precise tissue microdissec-
tion in our study, which improved the separation of tumor DNA from
normal stromal contaminants. This is particularly important when
dealing with small islands of tumor cells such as in DCIS. In addition,
in our study we used highly polymorphic microsatellite markers that
provide a high number of informative samples.

In our analysis of DCIS lesions, we identified three distinct regions
with a very high percentage (~70% or above) of allelic losses among
informative DCIS samples. Two of them agree with previously de-
scribed areas: 16q21 at locus D/65400 and 16q24.2 at locus DJ]65402.
However, the region with the highest incidence of LOH observed in
our study spanned the region between markers D165515 and D16S504
(see Table 1). Within this region, the D/6S518 locus was the most
frequently affected, with 20 of 26 DCIS tumors (77%) at this site
showing LOH.

These observations strongly suggest that a putative tumor suppres-

D16S518 (77%) D16S516 (67%)
D16S504 (75%)
Cen /4 Tel
933h2
YAC 972d3
~ 300kb

Fig. 4. Minimum area of highest LOH and partial YAC contig spanning the region as
reported by Hudson et al. (14). Numbers in parentheses indicate percentage of LOH at the
indicated marker.

sor gene or genes may be harbored at or near this locus. Furthermore,
the incidence of allelic loss at D165518 could potentially be higher,
because a few tumors that preserved heterozygosity at this locus also
showed losses of flanking markers (e.g., tumors 58 and 102). This
could be due to homozygous deletions affecting this region, changes
that are very difficult to judge because of the nature of the PCR-
mediated approach we used.

On the basis of a partial YAC contig reported to span the region of
interest (14), we were able to estimate that the minimum region with
the highest frequency of LOH is no larger than 2-3 Mb (Fig. 4).
Furthermore, based on the cytogenetic location of markers D/16S516
and DJ]6S504 and the distance to D/6S518, this area should be
contained within bands 16q23.3—-q24.1. This region appears different
from another more distal area of frequent LOH at locus D/65402 in
band 16q24.2. This observation is substantiated by the fact that both
areas are 17 cM apart based on the Genethon Linkage Map (March
1996) and several megabases away based on the comprehensive
chromosome 16 physical and genetic map (14).

It will be particularly important now to analyze other, less advanced
hyperplastic breast lesions for the occurrence of allelic losses in the
chromosome regions identified in this report. This analysis will be
useful in improving our understanding of breast carcinogenesis and
may help in the identification of markers with diagnostic-prognostic
significance.

In summary, this study has shown that chromosome 16q is highly
affected by allelic losses in breast DCIS. We refined the location of
the minimal deleted region that we found most commonly affected at
16923.3-q24.1, locus D165518, a locus that to our knowledge was
not reported previously. These data indicate the existence of a putative
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tumor suppressor gene or genes, most probably located within a
2-3-Mb region. Two other regions of interest for LOH are located at
16924.2 and possibly at 16q21. Such a high frequency of LOH at a
preinvasive stage of breast cancer suggests that a candidate tumor
suppressor gene or genes at the 16q23.3—q24.1 location may play an
important role in breast carcinogenesis. Further studies are necessary
to identify the gene or genes of interest.
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Abstract

Telomerase activity has been implicated to be associ-
ated with most human malignant tumors, including breast
cancer. To evaluate possible associations with well-known
prognostic factors in breast cancer, we performed a semi-
quantitative analysis of telomerase activity levels using the
very sensitive PCR-mediated telomeric repeat amplification
protocol. Telomerase activity was detected in 99 of 104
breast cancer samples analyzed (95.2%), whereas no activity
was detected in 10 of 10 adjacent nonmalignant breast tis-
sues. Analysis of five breast fibroadenoma samples revealed
telomerase activity in one (20%). In contrast to previous
observations, we observed that 100% of stage I breast tu-
mors were positive for telomerase activity. More interest-
ingly, we detected telomerase activity in six of six ductal
carcinoma in situ samples (i.e., stage 0). In our semiquanti-
tative analysis of levels of enzymatic activity, we found no
statistically significant correlation at the P < 0.05 level
between telomerase levels and lymph node metastasis status,
estrogen and progesterone receptor status, tumor size, S-
phase fraction, and ploidy. The only statistically significant
correlation was found with patient age (tho = —0.3; P =
0.03). We observed no statistically significant difference in
the telomerase activity levels of early tumors (stages 0 and I)
versus more advanced lesions (stages II to IV). Nevertheless,
stage IV tumors displayed a tendency for higher telomerase
activity levels. In summary, no clear association was ob-
served between telomerase levels and known breast cancer
prognostic indicators. However, telomerase detection by the
telomeric repeat amplification protocol method, due to its
high sensitivity, may be of value in early breast cancer
diagnosis and detection, because our data indicate that
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telomerase reactivation appears to constitute a relatively
early event in breast carcinogenesis.

Introduction

The specialized synthesis of telomeric repeats, TTAGGG
in vertebrates, was demonstrated to be performed by the ribo-
nucleoprotein telomerase using its RNA component as a tem-
plate (1-3). It has been postulated that telomerase activity is
associated with acquisition of an immortal phenotype in vitro,
and it was shown that most immortal cell lines express this
enzyme (reviewed in Ref. 4). Using a very sensitive PCR-based
TRAP assay,” it has been demonstrated that most human adult
somatic tissues do not show evidence of active telomerase (5).
Activity of this enzyme, however, has been observed in germ-
line cells, bone marrow, activated peripheral blood lympho-
cytes, and possibly stem cells (reviewed in Ref. 4). Interestingly,
telomerase activity was detected in numerous human cancer
types, suggesting that tumor cells may need reactivation of this
enzyme to remain viable (4, 6-14).

Breast cancer is one of the tumor types in which telomerase
activity has been demonstrated (12). Furthermore, it has been
suggested recently that telomerase detection could have prog-
nostic implications in breast cancer (5, 12). Exactly when in the
process of breast carcinogenesis reactivation of telomerase oc-
curs remains to be determined.

Although numerous somatic mutations affecting various
genes have been described in sporadic breast cancer, it still
remains to be determined which anomalies could be considered
causative of breast carcinogenesis. Certain specific aberrations,
such as ERBB2 or EGFR amplification and overexpression and
P53 mutation, have been postulated and explored as of possible
aid in determining breast cancer prognosis (15-18).

In this report, we analyze possible associations of telom-
erase with well-known prognostic factors in breast cancer to
further evaluate whether telomerase detection and quantification
could have potential impact on breast cancer prognosis.

Materials and Methods

Unselected breast cancer samples were obtained from the
Cooperative Human Tissue Network (about one-half of the
samples) and from the Department of Pathology, University of
Texas M. D. Anderson Cancer Center. Breast cancer samples
and adjacent nonmalignant breast tissues were obtained from
104 patients, frozen, and stored at —80°C until use. We also
analyzed a group of five breast fibroadenomas obtained from
Cooperative Human Tissue Network. For most of the breast
cancer samples, information about estrogen and progesterone

3 The abbreviations used are: TRAP, telomeric repeat amplification
protocol; ITAS, internal telomerase assay standard; DCIS, ductal carci-
noma in Situ.
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receptor status, lymph node metastasis status, S-phase, ploidy,
tumor stage, and age of patients were available. Tumor staging
was performed according to the guidelines of the American
Joint Committee on Cancer (19).

The TRAP assay allows the detection of in vitro telomerase
products (5, 20). We used a modified version of this assay. In
brief, telomerase adds TTAGGG repeats to the 3’ end of TS
primer (5'-AATCCGTCGAGCAGAGTT-3'; Refs. 5 and 21).
The number and amount of the repeats added is dependent upon
telomerase activity. In a second step, telomerase products are
amplified using the CX primer (5'-CCCTTACCCTTACCCT-
TACCCTAA-3') and Taq DNA polymerase. As positive con-
trol, a cell extract from a sample with known telomerase activity
(a rat mammary tumor line) was used. As negative control, lysis
buffer was substituted for cell extract (20). To compare the level
of telomerase activity in different tumor samples, we used a
semiquantitative analysis based on the use of an internal stand-
ard (ITAS), which amplifies from the same primers (22). This
internal standard, which consists of a 150-bp DNA product,
allows identification of false-negative tumor samples that could
contain Taq polymerase inhibitors.

Cell extracts were obtained from 10-50-mg samples of the
tumors, and telomerase assay was performed according to a
method described previously (5, 20), with minor modifications
(22, 23). In a standard procedure, we used 2 pl of tissue extract
(protein concentration, 0.5 pg/pl) per assay. The CX primer,
ITAS, and Taq DNA polymerase (7 units/assay) were added to
each sample at a “hot start” after 5 min incubation at 90°C.
Because telomerase has an RNA component, 5 pl of the tumor
cell extract from the same samples and the positive cell extract
were incubated with 1 I of RNase A (1 mg/ml) as an additional
experimental control.

Aliquots (10 wl) of the PCR mixture were analyzed on 8%
nondenaturing, 0.4-mm acrylamide gels (20 X 40 cm) run in
0.5X TBE buffer until the xylene cyanol had migrated 17 cm
from the origin. The gels were then dried and exposed for 20 h
to hyperfilm MP films (Amersham Corp., Arlington Heights,
IL). Following autoradiography, each gel was analyzed after
overnight exposure using a Molecular Dynamics PhosphorIm-
ager (Sunnyvale, CA). This scan was used to perform the
measurements of the telomerase ladder amplification intensity.
Thus, area integration of all peaks (except the first band from the
bottom) were normalized to the signal from the internal standard
and then, after background subtraction, expressed as relative to
the positive control signal that was run with each experiment.
The first band from the bottom was not included, because it
usually incorporates background from primer-dimer formation
(8, 13). The method described is only semiquantitative, but it is
sufficient for the comparative analysis of the tumors relative to
the same positive-control cell extract.

Analysis of the levels of telomerase activity and other
clinico-pathological characteristics was performed using non-
parametric Spearman rank correlation and ¢ test.

Results and Discussion

To confirm the linearity of the TRAP assay, we performed
a dilution experiment of the telomerase-positive breast cancer
cell line MDA-MB-157 (Fig. 1). The activity of the telomerase
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Fig. 1 Quantification of telomerase activity from breast cancer cell line
MDA-MB-157. The activity level was calculated by summation of
integrated areas of the telomerase ladder and normalized to internal
standard (ITAS). After background subtraction, levels were expressed as
relative to a 100-cell equivalent sample. The solid line was computer
fitted according to a calculated algorithm.

ladder was normalized to that of the internal standard (ITAS;
Ref. 22), expressing the results relative to the activity found in
the 100-cell equivalent sample. Linearity of activity with cell
number was observed (Fig. 1), in agreement with observations
published previously (22).

Telomerase activity was then analyzed and detected in 99
of the 104 breast cancer samples (95%). It was undetectable in
10 of 10 adjacent nonmalignant breast samples (Fig. 2). As
expected, the enzymatic activity detected is abolished if samples
are pretreated with RNase A (Fig. 2).

Interestingly, we detected telomerase activity in six of six
DCIS samples analyzed (Fig. 34; stage 0 in Fig. 44). Four of
these DCIS samples were classified as high nuclear grade and
showed high telomerase activity, whereas the two samples clas-
sified as low nuclear grade showed very weak telomerase ac-
tivity (Fig. 3A). These findings suggest that the reactivation of
telomerase activity occurs relative early in breast carcinogene-
sis. We also analyzed a small group of breast fibroadenomas for
telomerase activity and observed one positive tumor of five
tested (20%).

Several clinical, histological, and biological indicators of
prognosis are commonly used to determine the therapeutic man-
agement of breast cancer patients. Marker combinations are
usually more accurate than single markers (18, 24). A major
goal of our study was to evaluate the role of telomerase detec-
tion as a possible additional prognostic indicator. Our overall
incidence of telomerase-positive breast cancer samples (95.2%)
is similar to that reported previously by Hiyama et al. (Ref. 12;
93%). However, whereas Hiyama et al. (12) found 68% of stage
I breast carcinomas to be positive for telomerase activity, we
found 100% of the 17 stage I breast carcinomas to be positive.
The few tumors negative for telomerase activity were found to
be advanced-stage (II and III) rather than early-stage tumors, as
can be observed in Fig. 44, in which breast cancer samples are
grouped by tumor stage. Furthermore, we did not find any
correlation between the very few tumors (five samples) found to
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Fig. 2 TRAP assay from human breast cancers (7) and
matching adjacent nonmalignant tissues (N) with internal
standard (ITAS). To show assay specificity, tumor samples
were RNase A pretreated (+R»Nase A).

DCIS HG
DCIS LG
 Dois LG
Positive control
Lysis Buffer

Fig. 3 Detection of telomerase
activity in human breast cancers.
A, telomerase activity in DCIS
(LG, low nuclear grade; HG,
high nuclear grade). B, activity in
lymph node metastasis negative
(LN—-) and positive (LN+) tu-
mors, Note that lymph node-neg-
ative tumors have the same activ-
ity levels as lymph node-positive
tumors (ITAS, internal standard).

be negative for telomerase activity and any of the known prog-
nostic indicators.

In our semiquantitative analysis of levels of enzymatic
activity, we found no statistically significant correlation at
the P < 0.05 level between telomerase levels and tumor size,
lymph node metastasis, estrogen and progesterone receptor
status, S-phase fraction, and ploidy, (Fig. 4 and Table 1).
Axillary lymph node status is generally accepted as one of the
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best prognostic indicators for breast cancer recurrence (24).
We observed as much telomerase activity in lymph node-
negative tumors as in tumors positive for lymph node metas-
tasis (Fig. 4E). Interestingly, we only found statistically
significant correlation with patient age (Fig. 4C; Table 1). It
appears that levels of telomerase activity are higher in tumors
from younger patients. However, although P = 0.03, the
Spearman rank correlation analysis indicates that since the
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Fig. 4 Comparison of relative telomerase activity levels to prognostic indicators in breast cancer.

rho value is —0.3 (Table 1); approximately only 9% of the
variability in telomerase levels is explained by age. As men-
tioned earlier, we observed that all stage 0 and stage I tumors
express telomerase activity. We did not observe a statistically

significant difference in telomerase activity levels of early
tumors (stages 0 and I) versus more advanced lesions (Fig.
4A and Table 1). However, as can be observed in Fig. 44 and
Table 1, stage IV tumors appear to show a tendency for
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Table 1 Statistical analysis of telomerase activity levels

Age Ploidy Size S-phase
rho (Spearman rank correlation) -0.3 0.02 0.06 0.1
P 0.03 0.88 0.56 0.39
Comparison of breast tumor status® P(t-test)

ER+ (318 % 67) versus ER— (333 = 91) 0.9

PR+ (276 * 60) versus PR— (405 = 101) 0.2

ER+/PR+ (277 £ 68) versus ER—/PR— (345 * 111) 0.6

LN+ (319 % 49) versus LN— (371 £ 113) 0.7

Stages 0 and I (249 * 52) versus II-IV (367 * 70) 04

Stages 0-IIIB (290 = 45) versus IV (1083 * 623) 0.001

“ER+ and ER—, estrogen receptor positive and negative, respectively; PR+ and PR—, progesterone positive and negative, respectively; LN,
lymph node. Values in parentheses represent mean = SE. The analysis was performed using StatView 4.0 (Abacus Concepts).

higher telomerase levels. The small number of stage IV
tumors precludes further speculation on this observation.

Although patient follow-up was not analyzed in our study,
the lack of a clear association between telomerase activity levels
and proven prognostic indicators in breast cancer indicates that
analysis of the levels of this enzyme by means of the PCR-
mediated TRAP assay in human breast cancer may have limited
value as a prognostic tool. This appears in contrast to prelimi-
nary observations by another laboratory (25). It is unclear at this
point whether the hypothesis that a worse prognosis should
correlate with higher telomerase levels is incorrect, or alterna-
tively that the lack of correlation observed is the result of the
methodological approach. It is then possible that future devel-
opment of non-PCR-mediated methodologies for measurement
of telomerase activity may be better suited for studies of prog-
nosis. On the other hand, because we detected telomerase ac-
tivity at preinvasive stages of breast cancer, the highly sensitive
TRAP assay may be of value in early breast cancer detection
and diagnosis, as recently suggested by Hiyama e? al. (26). Our
findings are in agreement with observations of other neoplasias
in which telomerase activity was detected at preinvasive stages
of tumor development (13, 14). For instance, telomerase activity
has been demonstrated in premalignant prostatic hyperplasias
(13), and recently telomerase activity has been also observed in
colon adenomas (14). We have also reported a significant in-
crease in telomerase activity at premalignant stages using a
mouse multistage carcinogenesis model (23).

As mentioned previously, we also observed that one of five
breast fibroadenomas analyzed showed telomerase activity. This
incidence appears lower than that reported previously (45%;
Ref. 12). Despite the difference in incidence, both studies indi-
cate that some breast fibroadenomas show reactivation of te-
lomerase. It is unclear at this point the putative role for telom-
erase reactivation in this benign neoplasia.

In summary, telomerase activity was observed in almost all
breast cancer samples, regardless of tumor stage. No telomerase
activity was detected in the normal breast samples tested, and
telomerase activity was detected in 20% of fibroadenomas. No
correlation was found between telomerase detection or level of
activity and known breast cancer prognostic indicators, which
appears to limit the potential value of evaluating the level of this
putative biomarker in managing patients with invasive breast
cancer. Nevertheless, the final conclusion on this issue will only

be resolved after considering the correlation between patient
outcome and telomerase levels. Probably the most important
conclusion from our study is that telomerase reactivation ap-
pears to be an early event in breast carcinogenesis. This factor
highlights the potential for using telomerase detection as a
possible aid in early tumor detection.
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Note Added in Proof

While this manuscript was being reviewed, Sugino et al. reported
similar conclusions on the potentjal value of telomerase detection as an
early diagnostic marker in bre%ii cancer rather than as a prognostic
indicator (Sugino, T., Yoshida, K., Bolodeoku, J., Tahara, H., Buley, I.,
Manek, S., Wells, C., Goodison, S., Ide, T., Suzuki, T., Tahara, E., and
Tarin, D. Telomerase activity in human breast cancer and benign breast
lesions: diagnostic applications in clinical specimens, including fine
needle aspirates. Int. J. Cancer, 69: 301-306, 1996).
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THE GENETICS OF SPORADIC BREAST CANCER
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INTRODUCTION

Breast cancer which affects as many as one in eight women, is the most common
malignancy of women in the industrialized countries of the Western hemisphere (Feuer,
1993; Boring, 1994). To expedite the development of new treatment strategies, increased
emphasis has been placed on understanding the cellular and molecular events that lead to
malignancies of the breast. Over the past few years, numerous advances have been made in
the elucidation and characterization of genes whose mutation predisposes individuals to
risk of developing familial breast cancer. These genes include the recently cloned BRCAI
and BRCA2 (Miki et al., 1994; Wooster et al., 1995). However, while these genes have been
shown to be frequently affected in inheritable forms of breast cancer, there is yet no conclusive
evidence to suggest that these genes are also responsible for sporadic breast cancer which
accounts for approximately 90% of breast cancer cases. To provide insight into the aberrations
responsible for the genesis of sporadic breast cancer, ongoing work is attempting to identify
genomic regions frequently affected. In this chapter, we will focus on the known somatic
genetic aberrations of sporadic breast cancer.

CYTOGENETICS OF BREAST CANCER

Numerous attempts have been made toward characterization of aberrations at the
chromosomal level in breast cancer. However, as is the case with other solid tumors of
epithelial origin, it has been difficult to discern any characteristic primary cytogenetic changes
among the large number of apparently random alterations. This is due to the inherent
difficulties in obtaining high-quality metaphases from solid tumors as well as their
characteristic clonal heterogeneity. In addition, of the tumors that have been karyotyped,
the vast majority are of the more advanced invasive stages, since the less advanced “in situ”
carcinomas tend to be much smaller, thereby making it even more difficult to obtain high-
quality metaphase cells. Nevertheless, several genetic changes with a relatively higher
prevalence have been identified. Overall, the most frequent tend to be numerical alterations
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of whole chromosome copy number including trisomies of 7 and 18 and monosomies of 6.
8.11,13,16,17,22, and X (reviewed by Devilee and Cornelisse, 1994). The most common
aberrations in near-diploid tumors without metastases are loss of chromosomes 17 and 19,
trisomy of chromosome 7, and overrepresentation of 1q, 3q, and 6p (Thompson et al., 1993).
Structural alterations include terminal deletions and unbalanced nonreciprocal translocations,
most frequently involving chromosomes 1, 6, and 16q. Breakpoints of structural
abnormalities cluster to several segments, including 1p22-ql1, 3pll, 6pl11-13, 7pll-qll,
8pll-qll, 16q, and 19q13 (Thompson et al., 1993). Tumors from patients with metastatic
breast carcinoma display a different pattern of abnormalities with structural alterations and
numerous numerical alterations affecting various chromosomes (Trent et al., 1993).

A recently developed technique, comparative genomic hybridization (CGH), allows
analyses of chromosome copy number abnormalities involving segments of at least 10 Mb
(Kallioniemi et al., 1992A). Since CGH involves hybridizing differentially labeled genomic
DNA from a tumor and a normal cel! population to the same normal metaphase, it circumvents
some of the difficulties encountered in conventional karyotyping. Through such analyses,
nearly every tumor analyzed revealed increased or decreased DNA sequence copy number
(Kallioniemi et al., 1994). The most common regions of increased copy number in breast
cancer as determined by CGH include 1q, 8q, 17q22-24, and 20q13. Increased copy number
at 17q was previously determined through gene fluorescence in situ hybridization (FISH)
analysis to be 50 to 100-fold amplification of ERBB2 (Kallioniemi et al., 1992B), a gene
known to be overexpressed and amplified in a considerable percentage of breast cancers.
Amplifications at region 8q would analogously be MYC, another gene known to be
overexpressed in some breast cancers (Shiu, Watson, and Dubik, 1993). No candidate gene
has yet been identified for region 20q13 amplification. Regions of decreased DNA copy
number were also observed and include 3p, 6q, 8p, 11p, 12q, 13q, and 17p (Gray et al.,
1994). For some of these regional losses, candidate genes exist that may be the target of
deletion in the progression to a malignant phenotype (Table 1). More specifically, both RB1
(13q) and TP53 (17p) have been shown extensively to undergo deletion in a significant
fraction of breast cancers (Cox, Chen, and Lee, 1994). Interestingly, when both loss and
gain of DNA copy number as determined by CGH were compared with survival data in a
series of node negative breast tumors, only copy number losses were significant for
recurrence and for overall survival (Isola et al., 1995). However, as is the case with
conventional cytogenetics, CGH has yet to reveal any characteristic abnormalities that occur
in the majority of breast tumors and which abnormalities if any, could be considered
“primary”’.

ONCOGENES

The proto-oncogenes encode proteins involved in a cascade of events leading to
growth in response to mitogenic factors. Alteration in the normal function of proto-
oncogenes, through mutation or increased expression can result in a constant growth stimulus
and a constitutive mitogenic response. Aberration of a single allele of an ocogene can be
sufficient to lead to altered signal and as such is dominant. In human solid tumors, the most
common aberration affecting oncogenes appears to be gene amplification.
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Genetic  Cytogenetic! ~ CGH? Invasive’ DCIS3 Possible
Region Finding Finding LOH (%) LOH (%) Targets

Ip -ip 32 8

1q +1g +lg 30 16

3p -3p 22 0

3q 25 0

4p -4p 5! ot

5p 181 of

5q 13! of

6p -6 +6p 30 0

6q -6, -6q -6q, +6q 26 8

7p +7 +7p 32 32

7q +7 25 24

8p -8, -8p -8p 18 10

8q -8, +8q +8q 20 22 MYC

9p -9p 58 30 pl6INK4a

% 241 of

10p 1! of

10q 151 01'

l1p -11, -11p -1ip 28 0

11q -11, -11q +11q 30 12 CCNDI

12p gl of

12q +12q 4l of i

13q -13 -13q 30 18 RBI, BRCA2, "
Brush

16p -16 40 0

16q -16, -16q 48 27 CDHI?

17p -17, -17p -17p 57 33 TP53

17 -17 +17q 36 31 BRCAI,NMEI
ERBB2

i8p 25 0

18q 48 12

19p 18! of

19q +19q 14! of

22q 22 36 0

Xq X 8!

Table 1. Summary of genetic abberrations affecting sporadic breast cancer ( 1 pevilee and
Cornelisse [1994], Thompson et. al. [1993]; 2 Gray et. al. [1994]; 3 Aldaz et. al. [1995]; ¥
Radford et. al. [1995]).
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Current data suggests of the numerous oncogenes described to date, that only a
few may have a role in breast tumorigenesis. Of these, ERBB2 remains the oncogene most
studied in breast cancer. Also known as HER2 or neu, ERBB2 encodes a tyrosine kinase
growth factor receptor with high homology to epidermal growth factor receptor (43% in the
extracellular domain and 82% in the tyrosine kinase domain; Coussens et al., 1985; Jardines
etal,, 1993). However, while these two receptors share homology, their ligand specificity is
distinct since neither epidermal growth factor nor transforming growth factor-a bind ERBB2.
Activation or overexpression of ERBB2 in transgenic mice results in the genesis of mammary
tumnors (Brouchard et al., 1989; Muller et al., 1988). As mentioned previously, FISH analysis
has shown that ERBB2 is amplified. Prior analysis by other means had shown amplification
of ERBB2 in 25-30% of breast cancers with concomitant overexpression, implicating its
involvement in breast tumorigenesis (Berger et al., 1988; Zhou et al., 1987). Early studies
reported a prognostic value of ERBB2 overexpression in node-negative breast cancer.
However, more recent studies using larger data sets do not support these early observations
and question the prognostic role for ERBB2 expression in node-positive breast cancer.
Expression of ERBB2 may have value in predicting response to specific therapies, but
additional studies are needed to confirm these preliminary findings (reviewed by Ravdin
and Chamness, 1995).

Similar to ERBB2, the MYC gene has been shown to be amplified in approximately
25% of breast carcinomas. Although the functions of Myc are not yet clearly understood, c-
Myc has been shown to heterodimerize with Max (c-Myc-associated protein X), positively
and negatively regulating the expression of various genes in apoptosis and cell cycle
progression (Ryan and Birnie, 1996). Overexpression of ¢-Myc in transgenic mice results
in mammary tumors (Muller et al., 1988), and amplification of c-Myc has been associated
with high grade tumors in humans (Varley et al., 1987). However, when lymph node
metastases from patients whose primary tumor showed amplification are examined, the
metastatic cells do not show amplification, suggesting that amplification occurs before
invasion and is not a prerequisite for a metastatic phenotype (Shiu et al., 1993). Of additional
interest, c-Myc expression is modulated by the presence of estrogen in estrogen-responsive
cell lines, and constitutively high c-Myc expression is observed in hormone-dependent
lines, probably because of increased stability of the transcript (Shiu et al., 1993).

Chromosome region 11q13 has also been reported to be amplified in 15-20% of
breast cancers (Lammie and Peters, 1991). The cyclin D1 (CCNDI) gene, located in the
region, is thought to be the target of such amplification. Cyclin D1 is a direct regulator of
the cell cycle and is overexpressed in 45% of breast carcinomas, most of which are both
estrogen and progesterone receptor positive (Gillet et al., 1994; Bartkova et al., 1994). Studies
show that transgenic mice homozygously null for CCND! fail to undergo proliferative
changes of the mammary epithelium associated with pregnancy, thereby indicating a role
for CCND1 in steroid-induced proliferation of the mammary epithelium (Sicinski et al.,
1995). Transgenic mice overexpressing CCNDI have been shown to develop mammary
carcinomas (Wang et al., 1994). Analysis of CCNDI expression by mRNA in situ
hybridization has shown a dramatic increase of CCND1 expression in 76% of low grade
carcinoma in situ, further suggesting a role for CCND! in the tumorigenesis of the breast
(Weinstat-Saslow et al., 1995).
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TUMOR SUPPRESSORS AND LOSS OF HETEROZYGOSITY

Although the first tumor suppressor gene, RB/, was not identified until 1987, the
existence of a genetic element with growth suppressive properties had been shown nearly
two decades earlier. When Harris et al. fused normal mouse fibroblasts with highly malignant
tumor cells, the resultant hybrids lost all tumorigenic capacity (Harris et al, 1969). Further,
passage in vitro resulted in segregants that reverted to malignant phenotype upon loss of
chromosomes (Harris et al., 1969; Klein et al., 1971). Two years later, Knudson, on the
basis of statistical analysis of clinical observations, was the first to suggest retinoblastoma
was a cancer caused by two mutational events (Knudson, 1971). In the hereditary form, one
mutation was germinal; thus only a single additional somatic mutation was required. This
results in early onset and a tendency toward bilateral tumorigenesis. In the sporadic form,
both mutations are somatic, resulting in a tendency toward unilaterally and late onset.
Comings later suggested that these two mutational events could occur within separate alleles
of a regulatory gene (Comings, 1973). Indeed, cytogenetic analysis of retinoblastoma
revealed characteristic deletions of the long arm of chromosome 13. Subsequent analysis
of this region led to the identification of RB/ and elucidation of aberrant transcripts encoded
from the remaining allele (reviewed by Goodrich and Lee, 1993). Hence, a precedent emerged
where inactivation of one allele of a tumor suppressor is accomplished by mutation, leading
to the eventual deletion of the remaining normal allele through chromosomal aberrations
and loss of heterozygosity (ILOH) is thereby observed in the suppressor locus. This precedent
is now considered the convention for suppressor inactivation and similar observations have
been made for several other suppressive genes (e.g., APC, DCC, VHL, TP53; reviewed by
Cox, Chen, and Lee, 1994). Further, LOH is considered indirect evidence for the existence
of a suppressor gene within the affected region.

Allelotype of Breast Cancer

Because the mechanisms by which loss of heterozygosity occurs tend to involve
large segments of DNA, it is possible to utilize the neighboring genes or known noncoding
sequences as indicators to identify deleted regions harboring putative suppressor genes whose
loss may be important in the genesis of the tumor. One such genetic marker is naturally
occurring simple sequence length polymorphisms (SSLPs). SSLPs consist mainly of
dinucleotide repeats, primarily (CA)p, which are repeated in tandem at variable number (n)
interspersed throughout the genome. To date, more than 5,000 such SSLPs with length
polymorphisms of approximately 10-60 repeats, termed polymorphic microsatellites, have
been identified (Dib et al., 1996; Litt and Luty, 1989). These polymorphic microsatellites
have a mean heterozygosity of 70% at an average interval size of 1.6 cM. Through known
linkage maps and comparison to physical maps, it is possible to select highly polymorphic
microsatellites at any position within the genome. Further, through PCR amplification of
these microsatellites and comparison with normal DNA from the same patient, it is possible
to generate a comprehensive map of allelic imbalances (allelotype) occurring in a neoplasm
(Weber and May, 1989).

Allelotyping of breast cancer has been reported in numerous studies, and numerous
regions of allelic imbalance have been described using microsatellites as well as the older
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restriction fragment length polymorphism analysis. As reviewed by Deville and Cornelisse,
compilation of data from more than 30 studies reveals a consensus of imbalances affecting
more than 11 chromosome arms at a frequency of more than 25% (Table 1). Chromosome
arms 1p, 1q, 3p. 64. 8p, 11p, 13q. 17q, 18q, and 22q were affected at a frequency of 25-
40%, whereas chromosome arms 16q and 17p were affected in more than 50% of tumors
(Devilee and Cornelisse, 1994). In addition, chromosome arm 9p, which was not evaluated
in these studies most likely because of lack of previous cytogenetic data implicating it, has
recently been shown by our laboratory to be affected in 58% of breast carcinomas (Brenner
and Aldaz, 1995). The loss of generic material in many of these regions has been corroborated
by either CGH or classic cytogenetic data (Devilee and Cornelisse, 1994; Trent et al 1993).
Further, some of these regions are known to harbor tumor suppressive genes whose loss has
been demonstrated through a variety of techniques, including Southern blot analysis and
FISH using gene-specific single-copy probes (Cox, Chen, and Lee, 1994).

While there is overwhelming evidence that these genetic losses occur, inherent
difficulties exist in determining the relevance of such losses to breast tumorigenesis. In
most cases, the tumors analyzed were of the invasive type and/or advanced stages of
progression, leading to the question whether these losses are causative factors of
tumorigenesis or consequences of the general genomic instability inherent to tumors. Further,
itis possible that certain losses may be selected for in the progression or clonal evolution of
a tumor to a more advanced type but not necessary for the genesis of the tumor. Some of
these questions could be addressed in part through comparative allelotyping of both
noninvasive and invasive tumors.

To address the relative timing and frequency of allelic losses of commonly affected
regions in breast cancer, microsatellite length polymorphism analysis was performed in a
series of preinvasive ductal carcinomas (DCIS) and invasive ductal and lobular carcinomas
(Aldaz et al, 1995). Twenty different loci were examined in each group. As expected,
frequencies of regional losses in invasive ductal carcinomas were similar to those in the
aforementioned compilation by Devilee and Cornelisse of analyses from more than 30 studies.
However, allelotyping of DCIS samples revealed that chromosomal regions 3p, 3q, 6p, 11p,
16p, 18p, 18q, and 22q were not affected by a high frequency of loss, while analyses of
these same regions of invasive tumors showed them to be affected in 10-40% of cases
(Aldaz etal., 1995). Our findings are in agreement with those of Radford et. al. who examined
61 DCIS samples (Radford et al, 1995). Because allelic losses affecting these regions were
not frequently observed at the noninvasive (DCIS) stage it can be concluded that alterations
of these regions are late events in breast cancer progression. More importantly, allelic
imbalances observed on chromosome arms 7p, 7q, 16q, 17p, and 17q (Aldaz et al., 1995),
as well as 9p as reported by others (Fujii et al., 1996), appear to be early abnormalities
because they occur in approximately one third of DCIS samples.

Lobular carcinomas constitute approximately 10-15% of all breast cancers
(Tavassoli, 1992). Histologically, lobular carcinomas have a very distinctive infiltrative
growth pattern and metastatic pattern (Tavassoli, 1992). In addition, patients with invasive
lobular carcinoma have been reported to have a higher risk of developing multifocal and
contralateral breast cancer than those patients with invasive ductal carcinoma (Silverstein
et al., 1994). To determine whether ductal and lobular carcinomas are subject to the same
pattern of allelic loss, comparative allelotyping of the two subtypes was also conducted in
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our laboratory. Losses of chromosome arms 1p, 3q. 11q. and 18q were more prevalent for
invasive ductal carcinoma than for invasive lobular carcinoma (Aldaz et al.. 1995). However,
8p losses or imbalances were observed in 36% of invasive lobular tumors but only 14% of
invasive ductal carcinomas. Interestingly, microsatellite instability was observed in almost
40% of lobular carcinomas, but only 13% of ductal carcinomas (Aldaz et al., 1995). This
phenomenon of microsatellite instability, also known as RER+ phenotype, is identified by
allele size differences between tumor and matching normal controls. First described as a
characteristic of tumors from patients carrying an autosomal dominant predisposition to
tumors of the colon and endometrium, microsatellite instability has been linked to defects
in a group of human mismatch repair genes: hWMSH2, hVMLHI, hPMS1, and hPMS?2 (Aaltonen
etal., 1993; Fischel et al., 1993; Bronner et al., 1994). Resultant errors in DNA repair are
believed to be the cause of the observed genomic instability phenomenon. These data
suggest that invasive lobular carcinomas may arise by a mechanism of carcinogenesis
different from that of ductal breast carcinomas and appear to constitute a distinct pathologic
entity.

Targets of Allelic Loss

Chromosome arm 17p, as previously discussed, is subject to allelic loss in more
than 50% of invasive ductal carcinomas, and approximately 30% of noninvasive ductal
carcinomas (Radford et al., 1993; Aldaz et al., 1995; Radford et al., 1995). This high
frequency of allelic loss suggests that a tumor suppressor of relevance to breast tumorigenesis
resides in this region. Indeed, tumor suppressor p53 is located in this chromosome arm and
is known to harbor somatic mutation in 25 to 45% of primary breast carcinomas (Osborne
et al., 1991). In addition, germline p53 mutations have been detected and shown to be
causative in families with Li-Fraumeni cancer predisposition syndrome (Malkin et al., 1990;
Srivastava et al., 1990). Breast cancer is one of the neoplasms affecting patients with this
syndrome. In tumors from patients with Li-Fraumeni syndrome, loss of the wild-type
allele is observed with retention of the mutant p53 allele. Functional studies of cells with
mutant p53 indicate a change of phenotypes, including cellular immortalization, loss of
growth suppression, and fourfold increase in protein half-life which leads to p53
accumulation. Accumulation of p53 protein, observed by immunohistochemical analysis
in roughly 30-50% of sporadic breast carcinomas, was proposed to be an indicator of higher
risk of recurrence in patients with tumors positive for p53 expression (reviewed by Ozbun
and Butel, 1995). It is possible that early in breast tumor development, p53 inactivation
through mutation and LOH may be intrinsically linked to the development of subsequent
further genomic instability as suggested by findings in experimental model of carcinogenesis
(Donehower et al., 1995).

Although p53 is the most likely candidate for allelic loss on 17p, other reports
indicate that there may exist another distinct locus that may be a target of allelic loss. Inan
analysis of 141 breast tumors, Cornelis et al. observed a strong association between p53
mutation and allelic loss of the p53 locus (Cornelis et al., 1994). However, in cases where
p53 mutation was not observed, allelic loss of distal region 17p13.3 was always observed,
sometimes without p53 allele loss. Similar findings of distal deletion of 17p were also
observed in DCIS (Radford et al., 1995). While these findings support the existence of a
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second gene as target of allelic loss, further studies are needed to address this issue.

The long arm of chromosome 17, also frequently affected by allelic imbalance in
both familial and sporadic breast cancers, has recently been subjected to extensive analysis
because 17q has been linked to familial breast cancer (Hall et al., 1990). As a result, the
BRCAI gene was isolated by positional cloning and mutations found to cosegragate with
the predisposing haplotype in affected kindreds (Miki et al., 1994). However, when sporadic
breast tumors with allelic loss of 17q were examined for BRCA/ coding sequence alterations,
only about 10% of those with LOH revealed any change of sequence, and those mutations
were found to be germinal (Futreal et al., 1994). Cellular mislocalization of the BRCA!
protein has since been reported in sporadic breast tumors, although other groups have not
been able to confirm these results (Chen et al., 1995). It remains to be determined what role,
if any, BRCAI plays in sporadic breast cancer. Another known suppressive gene localized
in this region, nm23 or NMEI, has been shown to undergo allelic loss in as much as 60% of
breast carcinomas (Leone et al., 1991). However, analysis of NME! has not revealed evidence
of mutations {(Cropp et al., 1994). An additional possible explanation for allele loss is the
existence of a yet-unidentified gene within this region as the target of allelic loss.

Loss of the RBI region 13q14 has been reported for numerous neoplasms including
small cell lung carcinoma, bladder carcinoma, osteosarcoma, and breast carcinoma (reviewed
by Cox, Chen and Lee, 1994). These losses appear to be relatively early losses in some
tumors since 15-20% of tumors at the DCIS stage reveal allelic loss of 13q (Aldaz et al.,
1995; Radford et al., 1995). However, when allelic loss and expression are examined in the
same breast tumors, no correlation between the two is observed, suggesting that Rb
inactivation is not acquired by allelic loss and that another gene may be the target of such
inactivation (Borg et al., 1992). More recently, linkage analysis of high-risk breast cancer
families localized a second breast cancer susceptibility locus, BRCA2, to chromosome 13q12-
13 (Wooster et al., 1994). This suggested that the BRCA2 gene may be involved in sporadic
breast cancer as well. However, similar to the findings with BRCA! on 17q, when sporadic
breast tumors were analyzed for mutation of BRCA2, mutations were infrequent, indicating
that BRCA?2 is not the gene being targeted by loss (Miki et al., 1996; Teng et al., 1996;
Lancaster et al., 1996). Brush-1 is another gene that has been mapped to 13q12-13, proximal
to RB1. Analysis of Brush-1 expression indicated it to be low to absent in 6 of 13 breast
cancer lines and decreased in four of four tumors showing LOH of 13q12-13 (Schott et al.,
1994). However, no sequence analysis has yet been reported, and the question of whether
decreased expression of Brush-1 results from allelic loss involving large regions of another
gene has yet to be addressed.

Chromosomal region 9p21, as previously discussed, has been shown to be affected
by allelic loss in 58% of invasive ductal carcinomas and 30% of DCIS, suggesting it may be
involved in breast tumorigenesis (Brenner and Aldaz, 1995; Fujii et al., 1996). Previously,
the p161NK4a/MTSIICDKN2 tumor suppressor gene has been identified within this region
by positional cloning and shown to be affected in 60% of breast carcinoma lines (Kamb et
al.,, 1994). However, when primary breast tumors were analyzed in our laboratory for
mutation of the CDKN2 coding region, few mutations were found (Brenner and Aldaz,
1995). More recent analysis, including FISH determination of gene copy number, methylation
of the 5' region, and analysis of expression, indicate that pI6 is indeed affected in 40 - 60%
of breast tumors (Brenner et al., 1996). This observation of inactivation substantiates a role
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for pl16 inactivation in the tumorigenesis of the breast and as a target of 9p allelic loss.

Chromosome 16q has been suggested as a site for the occurrence of primary
cytogenetic structural abnormalities in the development of breast cancer (Dutrillaux,
Gerbault-Seureau, and Zafrani, 1990; Pandis et al., 1992). In particular the long arm of
chromosome 16 was shown to systematically participate in nonrandom translocations with
chromosome 1 and 16q deletions were also frequently observed. Breast cancer allelotypic
studies have also systematically shown the common occurrence of allelic losses affecting
the long arm of chromosome 16 (Sato et al., 1990; Tsuda et al., 1994; Cleton-Jansen et al.,
1994). In addition to our observations (Aldaz et al., 1995), other investigators have also
reported the occurrence of frequent allelic losses affecting chromosome 16q in DCIS (Tsuda
et al., 1994; Radford et al., 1995).

It has been suggested that probably more than one putative tumor suppressor locus
of interest in breast cancer resides in 16q. At least two regions of chromosome 16q have
consistently been previously reported to show LOH: 16q21 and 16q24.2-qter (Tsuda et al.,
1994; Cleton-Jansen et al., 1994; Sato et al., 1990). Very recently, by performing a high-
resolution allelotype of chromosome 16 in DCIS lesions, we have identified three distinct
regions with a very high incidence (about 70% or more) of allelic losses among informative
DCIS samples (Chen et al., 1996). Two of the regions agree with previously described
areas: 1621 at locus D16S400 and 16q24.2 at locus D16S402. However, the region with
the highest incidence of LOH observed in our study lies between markers D16S515 and
D168516 (Figure 1). Within this region the D165518 locus was the most frequently affected:
20 of 26 DCIS tumors (77%) showed LOH at this locus. These observations strongly suggest
that a putative tumor suppressor gene(s) may possible be harbored at or in the vicinity of
this locus. On the basis of a YAC contig spanning the region of interest ,we can estimate that
the minimum region with the highest frequency of LOH is no larger than 2-3 Mb. (Chen et
al., 1996). Furthermore, on the basis of the cytogenetic location of markers D1658504 and
D165516 and the distance to D16S518, this area should be contained within bands 16¢23.3-
q24.1. This region appears different from another area of frequent LOH more distally located
at locus D165402 in band 16q24.2. Both areas are 17 cM apart according to the Genethon
Linkage Map (March 1996) and several megabases away according to a comprehensive
chromosome 16 physical and genetic map. Further studies are necessary to identify the
target gene(s).

It will be particularly important to analyze for the occurrence of allelic losses at
the mentioned chromosome 16 regions in other less advanced hyperplastic breast lesions.
This analysis will be useful in our understanding of breast carcinogenesis and may help in
the identification of markers with diagnostic or prognostic significance.
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CELL CYCLE IN BREAST CANCER

Normal cell division in eukaryotes proceeds through an orderly cascade of events
manifested as a cell cycle. The machinery responsible for such progress includes a hierarchy
of proteins and complexes each exerting an effect on the next. At the top of this hierarchy
are the cyclin subunits, whose expression and stability oscillate in a phase-dependent manner.
Further, the expression of certain cyclin genes can be upregulated by different mitogenic
stimuli, for example, the upregulation of cyclin D1 by estrogen (Altucci et al., 1996). Each
of these cyclins can associate in a non-promiscuous manner with specific cyclin-dependent
kinases (CDKs). When bound, the cyclins result in activation of CDK activity. However,
these cyclins are in competition with CDK inhibitors, which have the ability to displace the
cyclin and form an inactive complex with the CDKs. When CDKs are active, they
phosphorylate, and hence inactivate, other proteins with transcription-repressing activity
(Reviewed by Sherr et al., 1994).

Of the restriction points, G1 to S is best characterized in breast cancer. The players
involved in this restriction point include cyclins D1-D3; CDKs 4 and 6, the inhibitors of
those CDKSs p15, p16, and pl18; and the substrate of the CDKs, the Rb protein (Figure 2).
Collectively, these proteins are known elements responsible for regulation of progression
through G1, and loss of function or disregulation of expression of an individual protein can
lead to loss of cell cycle regulation and proliferation. Of these proteins, the Rb protein,
cyclin D1, and p/6 have all been observed to be affected in breast tumorigenesis. As
previously mentioned, cyclin D1 has been shown to be both amplified in 10-20% of breast
tumors and overexpressed in the majority of breast tumors (Gillet et al., 1994; Bartkova et
al., 1994; Weinstat-Saslow et al., 1995). When cyclin D1 is over-abundant, it competes
with pl6 for heterodimerization with the CDKs; when cyclin D1 is bound to a CDK, it
positively regulates the activity of the CDK which is able to phosphorylate and inactivate
Rb. Inactivation of Rb itself has been described in breast cancer, and when multiple modes
of inactivation are accounted for, Rb is inactivated in approximately 20% of breast cancers
(Borg et al., 1992; Varley et al., 1989). In addition, analyses of Rb and p/6 have shown an
inverse relationship in expression of the two genes in the vast majority of tumor lines studied
(Okamoto et al., 1994; Parry et al., 1995). This is true in breast tumor cell lines as well: in
those lines retaining Rb expression, pl6 is deleted, mutated, or otherwise affected, and its
expression is often undetectable. In contrast, those cell lines retaining p/6 expression often
lack expression of Rb. Further, when primary breast tumors are analyzed for p16 expression,
approximately 50% show loss of expression due to homozygous deletion, methylation of
the 5' region, and rarely by mutation (Brenner et al., 1996). While CDK4 has not been
extensively studied in breast cancer, other neoplasms show overexpression or mutation of
the pl6 binding site (He et al., 1994; Zuo et al., 1996). Thus, it appears that mutation or
disruption of either Rb or p16 expression or overexpression of cyclin D1 or possibly CDK4
is sufficient to eliminate this pathway’s control of cell cycle progression. The high cumulative
rate of alterations affecting these proteins in breast cancer suggests that abrogation of the
G1 restriction point may be necessary for breast tumorigenesis.
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Figure 2. Schematic representation of G1/S restriction point interactions.

The CDK inhibitor p2/ WAFI/CIP {5 known to be another negative regulator of
the cell cycle. Unlike p6, it is known to be a universal inhibitor of CDKSs thereby inducing
arrest at both the G1/S and G2/M restriction points (Xiong et al., 1993). Further, p2! also
complexes with proliferating cell nuclear antigen in vitro, resulting in inhibition of DNA
replication (Waga et al., 1994). Because p2/ gene transcription is regulated by p53, it has
been suggested that p53-dependent cell cycle arrest is mediated by p2/. Indeed, p21
nullizygous mice fibroblasts fail to undergo G1 arrest following DNA damage although
apoptosis is unaffected in these same cells (Brugarolas et al., 1995). As previously mentioned,
positive p53 gene detection has been shown in as much as half of breast carcinomas, and
P53 has been shown to be associated with p53 mutation and a higher risk of recurrence
(reviewed by Ozbun and Butel, 1995). This would suggest that an additional possible
consequence of p53 inactivation in the tumorigenesis of the breast is the abrogation of cell
cycle arrest through loss of transcriptional activation of p21.

SUMMARY

Breast cancer is a complex disease in which numerous genetic aberrations occur.
It is unclear which, if any, of these abnormalities are causative of breast tumorigenesis.
However, on the basis of the currently accepted view of breast cancer as a multistep process,
it is possible that specific abnormalities may be required in the progression from a normal
breast epithelial cell to an invasive tumor cell. Figure 3 shows a schematic putative model
of breast cancer progression based primarily on epidemiological and histopathological studies
(Page and DuPont, 1992). Advances in methodology have allowed us to more precisely
determine the approximate chronology of some of these aberrations and the possible roles
each plays in the formation of malignancy. Simplistically, one could speculate that it is the
early loss of cell cycle control in the presence of a mitogenic stimulus that allows a cell to
divide unchecked. Such uncontrolled proliferation in the absence of wild type p53 would
yield a high level of genomic instability. As proliferation continues, numerous additional
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chromosomal abnormalities occur, and increased tumor heterogeneity would be observed
as distinct subpopulations emerge in the evolution toward a progressively more aggressive
phenotype. However, much still remains to be learned to gain a full understanding of the
key players behind the genetic evolution of breast cancer. Only by analyzing preinvasive

and putative early stages of breast cancer will we be able to characterize the most probable
sequence of genomic abnormalities.
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repeat reqgion

repeat region

repeat region

repeat region

repeat region
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BASE COUNT
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1
61
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241
301
361
421
481
541
601
661
721
781
841
901

ctgaaactga
gtgcacctgce
cttcattcag
ttgcccagta
gctaaaatag
gagtgcggtyg
cctgectcag
ttgtattttt
cctcagggga
gtgcctggac
atagaaacca
gatcattcta
tctatctgta
ttacatcaag
agactattcce
ttaattttet
ttttggagaa
taaattagac
ttaccagggce
acgtgaatcg
tctgtaccaa
gtcccagetce
gcagtgagcce
aaaaaaaaaa
cataatgaaa
ctgatctgat
cttagaaaca
ctttgaaacc
gaactctcag
accaataata
caaaaacctg
ttatgtgcett
acagagaagg
tgtaatcgca
agcaggtgac
aataaaataa
agagagaaaa
gtctgatttg
acaaatgtaa
ttcactcttt
ccagatttca
ctagagattc
gttttgctgt
tgcctcecccaa
atgtgccacc
atcagactgg
ctgggattac

/rpt_family="Alu"
/rpt_type=dispersed
complement (91380..91658)
/rpt_family="Alu"
/rpt_type=dispersed
91963..92288
/rpt_family="Alu"
/rpt_type=dispersed
complement (92304..92499)
/rpt_family="MIR"
/rpt_type=dispersed
93182..93265
/rpt_family="MER21"
/rpt_type=dispersed
93490..94079
/rpt_family="MER21"
/rpt_type=dispersed
94217..94612
/rpt_family="L1"
/rpt_type=dispersed
complement (95236..95546)
/rpt_family="Alu"
/rpt_type=dispersed
96212..96360
/rpt_family="Alu"
/rpt_type=dispersed
29090 a 20438 c¢

aatgtcatca
tcggaagagyg
aaacaaagtt
aggactttgg
caagggtttg
acatgatatc
cctcectgagt
agtagagatg
tctacctgeg
tgtcagttct
actgagcaga
ttacttctta
tttaacacaa
tcacaattac
agcaaggatc
agtctaaatg
aacctgtata
taacattttt
caggcacagt
cttgagccca
aaaatacaac
ccttgggagg
gtgatcctgce
aaaaaaagaa
aaaaaaagtg
atcatakaca
tactcccatg
atcttctcecce
atggaccgece
aataaggagc
cctatctacc
aattaccgat
aaagcagcta
taattcecegg
agtctaattt
aaaatagcct
ctgcaaatac
atccaacatc
gtgtttgaca
tactttatct
aaatgtttag
cagactgtta
tgttgceccecag
gttcaagcga
atgcctgget
tctecgaactce
aggcgtgaac

PubMed nucleotide query

19962 g 26877 t

atccatatac
tatccacaac
aaggagagaa
ctgcattcaa
tttatttttg
agcttactgce
agctgggatt
ggatttcacc
ttggecctcee
tctaattcga
agaaccattt
agtgattaat
tggagctaag
tcttgatett
ctggcaaata
cattggaaac
ttagtttect
cagattttgc
ggctcatgcec
ggagttttga
aacaacaaaa
ctgaggtagg
caccacactc
aaaaaattac
cttggaaaac
agaaggcaga
ttgggaaaac
aaaggtagtg
agcaagagta
aaagggaatg
ttcaaaatga
agtgcttgac
tatactttceg
agggcttcat
ccacaggtac
ttagatgttt
agcaaagata
tctgaaataa
agttgcatac
acttttgact
aaaaatgtga
ggaattactt
gctggagtac
ctcteetgee
aattttgtat
ccgaccttag
catcatgccce

actaaggaga
tcaccactca
attgttaatg
atgctagaag
agatagggtc
aacctctacc
atagcacatg
atgttggecca
aaagagctgg
gaagaaaatg
tggcgtagac
ggtgagccaa
aagaatgtaa
aaagctagac
gttggcecte
ttttattctc
agaagttctg
ctgggcagca
tgtaacccta
gaccagcctg
attgggcagg
aggatcactt
cagcctggca
cagaagcttt
aggagtcagg
gcatttctct
acattgtctt
ttgtcaaaaa
catcagcaag
aagatgggca
tgcaagattg
taattatttc
tataccgaat
tacaaacacg
gggtgaaagc
ccatctatgt
tcttegtttg
accaccaaat
ggtatcatca
ataaattctt
ggcttaaact
cttcttectte
aatgacatga
tcagcctcecece
ttttagtaaa
gtgatccgcce
agccaggaat

4 others

gggacaatgg
ctttaaaact
tggggtgaga
gataaatatc
tageccttgtce
tcetgggtte
ccaccacacce
gggtggtcte
gattacaggc
cctatatcca
aagccagaaa
cctatcatgt
tacaaagcaa
agcaattgcc
cgaaattgtt
tgattttcct
gtctgcaaga
gtaactacgt
gcactttggg
ggcaacatgg
catggtggtg
gcgcccagga
acagggcgag
aggggaccga
gtcttatacc
gaatygtgaa
tccatttgat
atagtcactc
ttcggcaagt
ttttggctgg
cagtttgttt
ttgttttgta
gaggatttgt
aaagaaaaca
attagagtga
aaggtgtttt
gtactggtgt
agaccccagt
actcgtatca
ggtcatctaa
aaaggataat
ttttttttet
tctecagcteca
aagtagctgg
gacagggttt
tgcecteggee
tcecttctaag

caggatgggg
ctgtggataa
gctcaaaaat
ctcatcggaa
acccaggttg
aagtgacctt
cagctaattt
aaactcccaa
atgagccacc
taaaatcact
gaaaatcatt
acaaatattg
cacagatacc
ttgaggttag
tgttgaatat
tgaaaatata
aaaacttaac
agacaaaatt
aggctgaggce
caaaatccca
tgecceetgtyg
ggcaaaggtt
actttgtctce
aagatagact
tacgtctgac
ctgatcccaa
acagtaagtt
acacttatgt
gaattcecte
attccaaatg
aatgttcatc
gactatttaa
aactcatttt
ggatgctaaa
agtaatggaa
catgttaata
cttttctgat
tttcttatte
tgtctctgtt
cgccattaca
accagagacce
ttgagacaga
cggcaacctc
gattacaggc
ctccatgttg
tceccaaageg
cacaaacaat
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2821
2881
2941
3001
3061
3121
3181
3241

gttgcttett
tttttttgag
gatcctgaaa
atttgaaata
tcagagggtc
ttcctettac
ttgcaactga
atctgcgttt
aattcctcet
agtgacacaa
tcagcetecet
tttttetttt
aactcctgga
ttacagccat
atagaagcca
aaatgggtaa
atattatctc
taacatttat
ttcatttgat
gctgaagaat
tactcaatga
aatgtcatgc
cagtcatctg
ctgtectect
gggcagttgt
actacaggga
ctgctagagc
aattgaacag
catttagcectt
ctgtgtggta
aataaatatt
aaaagagaca
acacaaaact
tgatataata
agagaggcag
agttgagcaa
gcagaaggag
acagctgaag
ggtcagaggg
tgcecttttaa
tttctegttt
accttcttcec
tagaagagct
cttaacaggc
attttaagta
ccaaactaga
gagcacagca
cttttagtta
ggctgttctg
gagaaagcag
aagacagtgg
gcagatctta
aatctatttg
aaattcatcc
cagaagaaag
attaaaataa
aagaaaggaa
aggattataa
ctcagcacaa
cctgtttata
aaatctgtag
atcaggagaa
ttttaaaaaa
taggattatc
ttgtaatcga
tgcctecatce
gatactcacc
atagccaaga
cttaatgaag
gcagatcaga
tatatactgg
gatcagcaca
ccctaaagaa
ttcagcggcet
gagtcagecce

ggatggaaat
agtggacttt
aagtatgaga
agacatttga
caccatttat
attgtcacaa
ggtctatgac
ttctgeetta
tecectecett
tgatagctca
gaatagctaa
tcattttttt
ctcaagagat
aagcctggec
gactactggg
catttacaga
atgatatcct
taagtgccaa
gctcccccaa
aaactgaggc
caggggcagyg
taggccatca
cccaacgtca
gaatagcatt
attccgaacc
atgctttgte
ctataaaaac
acctggattc
tttgggctge
gagtgagttg
gtcttccacg
aaaatctcag
catgtatgtc
agtgccacaa
gctgeccattt
agccttttgg
cagcaaaggc
aagaacaaga
gggaggcagyg
tcagcctgaa
ccttectegt
ttactgaacc
atttaaatgt
aaagtaataa
gagttacaag
aagagcgttce
taatagatga
attttctgag
agaatggcaa
tactttgaaa
gagagagaag
cccttgaaac
ttgattaaca
tttttcacaa
ggcatggcca
gaagttttag
aaaaacctta
ggtagcatag
aaagagcagg
aaaataagag
gactagataa
agaattagaa
cgaatgagat
caggacatgc
ctaggaaatt
tttctaagcect
ttgagataag
acagacagaa
tggactgtca
cactcgagaa
gagcatcata
ctggggtttt
gcggtgaaca
taatctcatg
gagaccctct

cagatttggt
aagaccaggg
tgtggatttt
aacaacagca
caagctctta
aagcctgecec
cgtgaaagat
acaagtactt
ccteetttee
ctgcaacctc
gactataggc
gtagagatag
catagggatt
tggtaaattt
tgttgcaggg
accctcacat
catagcaacc
tgtgcttcag
gccctataaa
ttagagaggt
aattgaaccc
ttcagcatgg
tgaggctaag
cagcaccacc
ccagtggata
ttaggggatc
aaaatcatct
caatccccte
tgggcttage
gacattatac
tgctaagcect
tacttacaaa
tatgtctcta
ggaatacaaa
tatagtgagt
agaagaacag
aaagcgtctg
ggccagtagyg
cagggcatac
atgggatata
ctgactaaat
cactgacctg
cctggaccte
gactatacag
atttcctgta
cactgggttt
ggtgtttaag
ataaaatcca
atctttaata
attatccaaa
aaaggggcga
tcctttaaaa
acagagaact
aaggaaagga
taagcagcca
aactgctttt
agtgttttcc
gtaagaaagt
ttggcagcectg
agggtgggag
gggagggtga
caagtttcta
gccecctagaaa
agagcctaca
gccactgtgg
tctataaaag
ggatatgaag
ggaaaaacag
aactgatttg
ttagagaaat
aagctagaga
taacagaaac
tccaacactg
caatcttgca
tcagaatcca

PubMed nuclectide query

ggtcacgagg
tggtattaca
gtccttatgg
aacaccatct
cggtgtctca
ggcatgccca
gagctccttg
aggattacag
tcecctteett
aaattcctgg
atgtaccact
tattttgcta
ctcetgecte
caagcaagca
aaaggggtct
gcaccaaaca
ctgtaaaata
agattaaacc
atagttttga
caatttgttc
aggggcctge
tatttttatt
gagttctgge
tcggaagcag
cttactgagc
ttcctctetg
gacctgtaaa
tcatccagga
tataaaatgt
atccaaggat
tcctctagge
cttacattct
tctatgtcca
gcaggaaaag
ggtgagaaac
ctcatggtgce
agacaggaac
tggaaaaagc
agagggtttg
aagtcttaga
taacagatga
gcagggcttg
ttcgaaccag
aggaaacaca
ggaattcaga
gccaagctgt
gcattttcct
gttataaata
gccagaactt
gcaaaataag
atgagaaact
aaaaaaaaag
ggtgagtttc
gagaaaattc
tcacttagac
aaagatagct
gttgttaaaa
catgtaaact
tccatctgea
acctaaagtg
ttattcccag
ctaagcaata
cctgtaagtce
ctgacaggcc
cttagaaaaa
gtggctggtyg
agtcgggaac
attaaatagc
ctattttttt
actaatttgg
aggcttacaa
ctattacttg
aaatttgagce
acattcctga
ccgagtcetge

ccaaaggcca
tgtttgggga
catgaagaaa
ttgacatcat
tactgagatg
accagctctt
ccctcaactt
aagttaattt
ccagatccag
gctcaagcga
atgacaggct
tcttgcececag
agcttcttga
acttcactaa
ataaaggaaa
gtgtgctagg
ggtgttaata
aagcctttta
ttatcaatca
caaagttatg
ctgcaaagtc
tattgtaact
tcaggattcc
gcatggetge
cagtactagt
gtgacgcaaa
aggcacaaga
gtatctgtgg
atataaaact
atttctagat
cctgaagtac
tctagagaat
catctatgtc
gaagagaggg
agcttcactg
tacatggaag
acacctggca
tcacaggggyg
gtgtcctact
tggatgaaat
aggaattgtc
taaggaaaag
cagaaatagg
ttttectret
gtgttatctt
taagatgaaa
ttagattttt
acctgagggt
ctgcctttta
tcgaaagcat
tctttgacat
aagaagagtc
tgtcataaca
cagacaaaac
taaagtacaa
ggcggaagaa
cgtaaagcaa
agttgaaata
gtgtatatag
ggtataactc
gtactaatag
aaagtgtgga
aataaccgtyg
agttgaaagg
ccaagtcttg
aaatgtaccg
agaggcaaag
aatcaaaaca
gttttaatca
actagacact
agcaagatgg
atttactggg
tggctcttece
attcaaaccc

tgggcaggaa

aatttttttt
agtgagagca
ctaattggga
gttgtcaaca
caatcttcac
tttccagatg
cgattttctt
gcttctagta
ggtgaagtgt
tccteccace
ok ol ol ol of of of ol o o}
gctggtctea
gtttctggga
cattgtcagg
ttaaggaata
ttcttecatac
taattatagt
tatgtgttat
tectecattta
ataattactt
tgtacttccce
cagacaagct
catccatggt
tcaagaggca
tatgctaaaa
gagaagggac
ggggatttge
gcgctgaagt
acctatgttg
tcattccectcece
aatagtgagc
aggagaataa
tgtatctatg
tgcaaggctc
agaaagtgtc
aatactccag
tgtctgagga
gaggcaggcg
gtgacgattt
aggaataact
aaaatacaaa
aatttgtttce
aaccagttaa
ttatgcctta
attttatgce
atatctgttt
ggttaatctt
accctaactg
gagatctcta
taacaaatta
tcacaagaca
aagcattcac
gagtctcgga
acccaaagtg
tgggtacaat
ttaaaaaaaa
aatttataaa
tccagagttce
taccatggag
aaaacaaaac
gctaaatggt
agaaacattc
tcaccaattg
gtagacacag
tttatgggtt
ggattctgac
tgaattccat
ctgtecteca
ttctageccag
ggaaatgtct
ctgccactga
agtggtagaa
tcagaaaggt
atgaagtaga
gagctagett
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7321
7381
7441
7501
7561
7621
7681

gttgagttgt
attcctttaa
ccttectggt
ttgggcctat
ctagtggtga
ttggaacagt
agccaaaaaa
ggtgtttcaa
aatctgtagt
ataccaggcg
ttttttgaaa
acttgacagc
agatcatgtc
ctggcggcetce
catgctagag
cgattctecect
gctatttttt
ctgaccttgt
ccgtgctcag
ggccactaga
actcccaggg
tattttacta
agtggtacaa
cagtctccca
aatattttat
caattaatcc
gcectggecect
ctgaacaact
aagaaaaaaa
ataataggag
attcaaacct
gaaaagcaca
accaagaccce
ggtgtggtga
tgaggccagg
acaaagatta
atgggaggac
cactccagcece
aaaggggcct
tcggaaggca
tgagcactgg
tactgaattc
ttgaggctta
ccacagcccce
tcctttaact
gctttaatta
ccttatgecce
gagctctcat
ctatgggttg
tttataattc
aaacactggt
ttggcecttg
ggcatggctg
ggggctcaca
caggagtttg
aaaaattagg
aggagaattg
ctccagectg
ctagtaagcc
aactggctcc
gtgcagaagc
cagttatcac
tcaagttcac
gcatacaggt
cttaggacag
accttcacga
gatattcaac
tgttttacct
ccctggetat
gtttcagatt
ctagcacttt
tgggcaacac
catgcacctg
aggcagaggt
agattccgte

cctgctgcaa
gaggccaagt
tccaatgeat
ctgagggatc
gtcttggcecca
tgagtagatg
aaaaaaaaaa
tttttgtcca
ggagaccatc
ctgcagtgag
tcgaccecagt
tttagcaact
tgttcaggat
aaatggaagc
tgcagcggcg
gcctecageeca
ttttaaataa
gatccgececca
ccagaacctt
atgaagtctt
actaagcaca
ttttatttac
taacagctct
agtagctggg
agagatgagg
tceccacctea
ccaagtattt
tacattctta
aaatcagcat
ctagtcecctt
ctatctaaaa
tacataataa
agatggagga
cttacacccg
agctccagac
gccaggcatg
tgcttgagec
tgagcaagag
ctgcatgtga
aagaaagaga
ctgcaagcaa
ctaccatgtg
gagtgattaa
tttatceccc
cccttettta
taactttgtt
atctttctta
agagatctca
cactgttaga
cgttectceta
tagaagggtt
ttgagtggca
gaagaaaata
cctgtaatcce
agaccagcect
tgggtatggt
cttgaaccca
agcaacctgg
tcaatttagg
ttggagatct
actggaaact
cctggtgett
ccagtcecte
tataagaata
cagcgggggt
aagttgggaa
aagtatttac
cgagaaatta
tgggacactt
taaaggaatt
gggaagctga
ggtgaaaacc
taatcccage
tgcecgtgagg
tccaaaaaag

atgaaatagt
cctcaaaggce
gttttcacag
atttaccact
aatatactcce
ttctggcaac
aaaaaaagaa
ctacccattg
cagacatctt
ccctggecag
tggaggtage
gecgtcectgett
gcagctctcet
[ o8 o8 o o o of ol o4 o
ccatctecage
ctcgagtage
ttttagtaga
cceceggecetc
tctttaactt
cagagacact
tggcectggea
tttttgagge
ctgcagectt
atgacaggca
tgtcagtatg
gccectccaaaa
aaaatgaatg
ccacatctge
aaggagatag
cttaattcca
caaattttta
gtgcacgact
agagaaaaag
taatctcagt
cagcctggge
gtgaaatata
ctggaggcca
agcgagaccc
agtaagtgtt
aacgcaggga
atgtgaggta
ccctaaggta
tgcacttgtt
actgtaattc
aaaaaagatg
gagtcctcag
tgagaaaact
gtaatagcag
catcgtctcet
attcctecatt
gacagaaatt
tctgagaggg
ggttgagggg
cagcgctttg
ggccaatatg
ggtgcctgec
gaaggcagag
taatagccat
atttagattg
tgtcacctgt
gtggtggaca
tgcaaacatc
tcectgecact
aggacgaagc
ttttacccct
ttactatatt
tgaattgctt
atttccccag
aagactctgg
gattagatta
ggtgggcaga
cgtctctact
tacttgggag
caagatcgca
aaaaaaagaa

PubMed nucleotide query

aactttctca
atgtatgcaa
ggttgtgtct
tgctgtagga
tatgtagaag
ctgtgatggce
aaaaatcttc
ccaacatgtc
ttgccatgaa
gcaccacatc
agaaccagga
tcectecget
attcaactcc
tttttngaga
tcactgcaac
tgggattaca
gacagggttg
ccaaagtgct
gattactgtg
aggacctgac
aaaaaacata
agggtctcte
gaacttccgg
tgcaacatca
ttceccagge
gtgctgggat
gatatctcece
tagatggtaa
tcaacttgaa
attaggagcet
aacttttttt
caaatttttc
gactagcatt
acttcaggag
agcatagcaa
cctgtggtcee
agcctgecact
tgtctcaaaa
gatgcttcaa
gtggttgggyg
agcaaaagga
ttttagttaa
caaggccaca
actgtctcat
gctattttca
tctgcaacaa
gagacttgga
agctgggatt
aaaagtacat
agaagtggaa
ttgtgcecta
tctgcaaggce
ccagaaagga
ggaggccaag
gtgaaacccc
tgtagtccca
gttgcagtga
ttctctagag
tcaccacagc
gtctcacagg
caagcttcat
attacaaggc
gtgacatggt
catgggggga
gattgcctca
caatgtagaa
ctatgagcta
aagaattaac
tggttgtggt
ggccgggecat
ctgcctaagce
aaaatacaaa
actgaggcag
ccaccgcact
ctgattacat

g